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Abstract: Zinc intake deficiency is a public health problem and increasing the nutrient’s content in
the edible parts of plants can help mitigate it. The objective of this work was to determine the effect
of the edaphic and foliar application of zinc sulphate on the nutrient content, bioactive compounds,
and antioxidant capacity of cowpea beans (Vigna unguiculata L. Walpers). A sample of 100 grains
was taken, and the length, width, thickness, weight, ash content, fat, humidity, fibers, carbohydrates,
protein, energy, macro- and micro- nutrients, total phenols, flavonoids, anthocyanins, and antioxidant
capacity were determined. The 0.250 g edaphic-12.5 mM foliar dose produced grains of a greater
weight and size. All of the edaphic and foliar doses increased the grain zinc content, and the highest
value was found with the 0.125 g edaphic-50.0 mM foliar dose. The total phenols increased with 12.5 g
of edaphic zinc, while phenols, flavonoids, and the antioxidant capacity increased with 50.0 mM
foliar zinc. The edaphic and foliar application of zinc sulphate increased the grain weight and size,
zinc content, total phenols, and antioxidant capacity. Therefore, edaphic and foliar zinc biofortification
enriches this nutrient in cowpea grains, and could reduce micronutrient malnutrition in the urban
and rural communities of Mexico.
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1. Introduction

Pulses are the primary group of food legumes consumed in developing countries, and the
second most important group of plants as a source of carbohydrates, proteins, amino acids, fibers,
vitamins and phytochemicals [1]. Cowpea bean (Vigna unguiculata L. Walpers) is a legume and belongs
to the family Fabaceae, tribe Phaseolae, genus Vigna, and section Catiang. It is a herbaceous
annual crop, mostly grown in the dry agroecologies of the tropics in Latin America, Africa,
and South Asia [2]. It is characterized by having significant contents of proteins, carbohydrates,
fibers, vitamins, and nutrients, with a low-fat content and bioactive compounds, such as phenols and
polyamines [3].These characteristics make cowpea potentially important to the human diet from a
nutritional perspective. The content of zinc in the grains is often suboptimal, especially when produced
in soils deficient in microelements [4].
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Zinc is an essential micronutrient required in small quantities by all organisms [5]. The average
total zinc concentration in cultivated soils is around 65 mg kg−1 and is predominantly taken up as a
divalent cation (Zn2+) [4] or bound to an organic acid [6]. As for micronutrients, zinc is an element
whose deficiency symptoms are frequently observed in crops grown in tropical soils [7]. In plants,
zinc is involved in correct membrane function, photosynthesis, gene expression, and protection against
drought and pathogens, as well as in the synthesis of hormones that are involved in plant growth and
development [6].

The inadequate dietary intake of this micronutrient constitutes a public health problem [8],
which affects 17.3% of the world population, making it the fifth leading health risk factor in developing
countries and the eleventh worldwide [9]. As a micronutrient, it is required in approximately
10% of human proteins for maintaining their catalytic activity [10], and acts by preventing lipid
peroxidation [11], and in plants, it acts as a cofactor of approximately 300 enzymes, besides taking part
in metabolism, fertility, seed production, chlorophyll formation, and defense against diseases [12,13].
There is also growing interest in how the micronutrient content of foods might be modified to benefit
human health and nutrition.

To improve a crop’s nutritional value, strategies such as agronomic biofortification have
been applied. This is a technique that aims to improve the agronomic characteristics and increase
the content of essential elements in the edible parts of plants, by applying these elements in edaphic
and/or foliar doses [14,15]. Although the use of externally added micronutrients in the form of
fertilizers can be effective, the relative efficiency of biofortification can vary from one plant species to
another [6]. In this regard, some reports indicate that the combined application of edaphic and foliar zinc
fertilizers can increase the grain zinc concentration, while simultaneously improving crop yields [10,16].
For example, biofortification with this micronutrient increases its grain content in Phaseolus vulgaris by
74.6% and the antioxidant capacity by 60%, besides reducing its antinutrient content [10]. Increases in the
zinc contents of the edible parts of Solanum tuberosum L. [17], Oryza sativa L. [18], Triticum aestivum L. [19],
Zea mays L. [20], Allium cepa L. [21], and Carthamus tinctorius L. [22] have also been reported. In addition,
a good response of cowpea to zinc fertilization has been reported in Mexico [5], Brazil [7], and Southern
Africa [23]. In general, there are few reports on legume biofortification for the Vigna genus, and the results
obtained from other works mainly focus on producing biofortified cereals. Therefore, the objective
of the present work was to determine the effect of edaphic and foliar biofortification with zinc on
the nutrients content, physicochemical properties, bioactive compounds, and antioxidant capacity of
cowpea bean grains.

2. Materials and Methods

2.1. Area of Study

The experiment was carried out in the 2nd Section of the “Ranchería Chipilinar”, located in the
municipality of Jalapa, Tabasco, Mexico, at 17◦47′614” LN and 92◦47′764” LW, which has a warm
humid climate Af(m)w”(i)g. During the crop cycle, there were average maximum and minimum
temperatures of 39 and 19 ◦C, respectively, with a total precipitation of 185 mm (Figure 1).
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Figure 1. Precipitation and temperature weekly values during the cowpea bean (Vigna unguiculata L. 
Walpers) cultivation cycle. Arrows indicate zinc application dates. 

2.2. Soil Analysis 

A soil analysis of the experimental site was carried out before establishing the culture to 
determine the physicochemical characteristics by standard methodologies [24]. For this, a composite 
soil sample was collected by the “Zig-Zag” method with a 30 cm long Dutch-type auger. Table 1 
presents the physicochemical properties of the experimental site’s soil, which was slightly acidic and 
clayey, with moderately high organic matter (OM). Phosphorus and potassium contents were low, 
and the contents of iron (Fe), manganese (Mn), and copper (Cu) were adequate, while zinc was 
minimal. Therefore, the soil was deficient in this mineral. 

Table 1. Physicochemical properties of the soil (0–30 cm) at the cowpea bean (Vigna unguiculata L. 
Walpers) planting experimental site. 

Physicochemical Properties Results 
Textural class (Bouyoucos) Clay soils 

Apparent density (cylinder, g/cm3) 1.35 
pH (soil:water, 1:2) 5.18 

EC (µS cm−1) 36 
OM (Walkley and Black, %) 3.81 

Nitrogen (micro-Kjeldahl, %) 0.18 
Phosphorus (P-Olsen, ppm) 3.2 

Potassium (ammonium acetate, cmol+ kg−1) 0.17 
Calcium (ammonium acetate, cmol+ kg−1)  3.17 

Magnesium (ammonium acetate, cmol+ kg−1)  1.56 
Sodium (ammonium acetate, cmol+ kg−1)  0.26 

Iron (DTPA, ppm) 73.6 
Zinc (DTPA, ppm) 0.70 

Manganese (DTPA, ppm) 35.0 
Cooper (DTPA, ppm)  4.3 

2.3. Crop 

A local cowpea (Vigna unguiculata L. Walpers) seed variety was used, which is planted by 
producers in the region (Figure 2). It is an important but under-studied grain legume which can 
potentially contribute to improving the dietary zinc intake. It has a short cycle, with an indeterminate 
growth habit, brown eye color, and beige grain color [25]. 
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Figure 1. Precipitation and temperature weekly values during the cowpea bean
(Vigna unguiculata L. Walpers) cultivation cycle. Arrows indicate zinc application dates.

2.2. Soil Analysis

A soil analysis of the experimental site was carried out before establishing the culture to determine
the physicochemical characteristics by standard methodologies [24]. For this, a composite soil sample
was collected by the “Zig-Zag” method with a 30 cm long Dutch-type auger. Table 1 presents the
physicochemical properties of the experimental site’s soil, which was slightly acidic and clayey,
with moderately high organic matter (OM). Phosphorus and potassium contents were low, and the
contents of iron (Fe), manganese (Mn), and copper (Cu) were adequate, while zinc was minimal.
Therefore, the soil was deficient in this mineral.

Table 1. Physicochemical properties of the soil (0–30 cm) at the cowpea bean
(Vigna unguiculata L. Walpers) planting experimental site.

Physicochemical Properties Results

Textural class (Bouyoucos) Clay soils
Apparent density (cylinder, g/cm3) 1.35

pH (soil:water, 1:2) 5.18
EC (µS cm−1) 36

OM (Walkley and Black, %) 3.81
Nitrogen (micro-Kjeldahl, %) 0.18
Phosphorus (P-Olsen, ppm) 3.2

Potassium (ammonium acetate, cmol+ kg−1) 0.17
Calcium (ammonium acetate, cmol+ kg−1) 3.17

Magnesium (ammonium acetate, cmol+ kg−1) 1.56
Sodium (ammonium acetate, cmol+ kg−1) 0.26

Iron (DTPA, ppm) 73.6
Zinc (DTPA, ppm) 0.70

Manganese (DTPA, ppm) 35.0
Cooper (DTPA, ppm) 4.3

2.3. Crop

A local cowpea (Vigna unguiculata L. Walpers) seed variety was used, which is planted by producers
in the region (Figure 2). It is an important but under-studied grain legume which can potentially
contribute to improving the dietary zinc intake. It has a short cycle, with an indeterminate growth habit,
brown eye color, and beige grain color [25].
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Figure 2. Seed sample of local cowpea (Vigna unguiculata L. Walpers) variety used. 
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The experiment was started on 10 August 2018, under temporary conditions, by depositing four 
seeds per planting point, and then two plants per blow. Cowpea seeds were hand-sewn in rows with 
a spacing of 1 m between rows and 0.8 m between plants; the plot was 12 m2. Plants were set in a 
randomized complete block experimental design with four replicates. The treatments were 
distributed in a factorial design with four edaphic doses of 0.0, 0.125, 0.250, and 0.500 g per plant and 
four foliar doses of 0.0, 12.5, 25.0, and 50.0 mM L−1 of zinc sulphate (Maximo 362, Zinc Nacional S. A), 
which generated 16 treatments that were applied at 30, 45, 60, and 75 days after planting (before 
flowering, flowering, early grain filling, and late grain filling stage). The edaphic doses were 
deposited at a depth of 5 cm and 5 cm from the plant. Meanwhile, the foliar doses were applied by 
spraying on the top and underside of the leaves until the dew point. The edaphic doses were applied 
from 04:00 to 06:00 p.m., and the foliar doses from 07:00 to 08:00 a.m. 

2.5. Harvest and Sample Preparation 

Grains were harvested manually at physiological maturity. From each treatment and repetition, 
100 seeds were taken, which were ground in a mill. The sample resulting from the grinding was 
placed in aseptic bags and then used in the analysis of nutrient contents and bioactive compounds. 
  

Figure 2. Seed sample of local cowpea (Vigna unguiculata L. Walpers) variety used.

2.4. Treatments

The experiment was started on 10 August 2018, under temporary conditions, by depositing four
seeds per planting point, and then two plants per blow. Cowpea seeds were hand-sewn in rows with
a spacing of 1 m between rows and 0.8 m between plants; the plot was 12 m2. Plants were set in a
randomized complete block experimental design with four replicates. The treatments were distributed
in a factorial design with four edaphic doses of 0.0, 0.125, 0.250, and 0.500 g per plant and four foliar doses
of 0.0, 12.5, 25.0, and 50.0 mM L−1 of zinc sulphate (Maximo 362, Zinc Nacional S. A), which generated
16 treatments that were applied at 30, 45, 60, and 75 days after planting (before flowering, flowering,
early grain filling, and late grain filling stage). The edaphic doses were deposited at a depth of 5 cm and
5 cm from the plant. Meanwhile, the foliar doses were applied by spraying on the top and underside
of the leaves until the dew point. The edaphic doses were applied from 04:00 to 06:00 p.m., and the
foliar doses from 07:00 to 08:00 a.m.

2.5. Harvest and Sample Preparation

Grains were harvested manually at physiological maturity. From each treatment and repetition,
100 seeds were taken, which were ground in a mill. The sample resulting from the grinding was placed
in aseptic bags and then used in the analysis of nutrient contents and bioactive compounds.
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2.6. Analysis of Samples

2.6.1. Physical Properties of Cowpea Beans

The axial dimensions of length, width, and thickness for 50 whole healthy grains were measured
with an electronic Vernier caliper (STEREN). One hundred seeds from each treatment and replicate
were weighed separately by using an analytical balance (HR-120), with an accuracy of ±0.0001 g.
The weight was expressed in g 100−1 grains.

2.6.2. Physicochemical Analysis

Ash quantification was conducted under the Official Mexican Standard [26], in a melting pot at a
constant weight, for which 1 g of each sample was weighed and placed in a muffle furnace at 600 ◦C
for 24 h, until calcination. Ash results were expressed as a percentage and were estimated as follows:

Ash (%) =
(P− p) × 100

M
(1)

where P is the weight (g) of the melting pot with the ashes, p is the weight (g) of the empty melting pot,
and M is the weight of the sample (g).

The fat content was determined with the Goldfish method proposed in the Official Mexican
Standard [27]. Goldfish flasks were prepared and dried in a stove until reaching a constant weight.
The Goldfish LABCONCO grease extractor kit (Labconco, Kansas City, MO, USA) was installed,
and the sample was then placed inside filter paper, covered with cotton, and introduced into the kit.
Petroleum ether was added as a solvent, leaving it at reflux for 2 h and 30 min. After extraction,
the solvent was recovered by distillation, retaining only the fat in the flask, which was weighed to
express the fat content in percentage.

The crude fiber content was determined according to the Official Mexican Norm [28] using a
degreased sample, which was transferred to fiberglass papers. Then, 200 mL of 1.25% sulfuric acid
(H2SO4) and 1 mL of isoamyl alcohol as antifoam were added, allowing the mixture to boil for 30 min.
Next, the samples were washed to remove the H2SO4 and isoamyl alcohol residues, as well as to
neutralize the mixture. Subsequently, 200 mL of 1.25% sodium hydroxide (NaOH) was added, and the
sample was boiled for 30 min. At the end of that time, the sample was washed in fiberglass until
becoming neutral. Then, the fiberglass with the sample was placed in a capsule, put in an oven,
and allowed to dry for 12 h. Subsequently, the capsule with the fiberglass and the sample were weighed,
and the percentage of fiber was determined by the weight difference.

Carbohydrates were determined by the difference from the other parameters and were expressed
as a percentage with the following formula [29]:

% carbohydrates = 100− (ash + protein + f at + moisture + f iber). (2)

The protein content was determined with the Dumas method [30] by placing 3 µg of each sample
in nickel capsules, to which 9 µg of vanadium pentoxide (V2O5) was added and then introduced into
the Flash 2000 kit (Thermo Scientific, Waltham, MA, USA). The protein concentration was expressed as
a percentage (%).

The sum of calories in carbohydrates, fats, and proteins determined the energy of each sample,
as described in the Official Mexican Standard [31]. The energy content was expressed in kcal kg−1 and
was estimated as follows:

Energy = [( f at× 9) + (carbohydrates× 4) + (protein× 4)] (3)
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2.6.3. Nutrient Content Analysis

The micronutrient content was determined by triacid digestion. One gram of each sample was
weighed on an analytical balance (HR-120), with an accuracy of ±0.0001 g. The sample was then placed
in a 250 mL beaker with boiling beads, and 25 mL of triazide mixture (1 L of HNO3 concentrated,
100 mL of concentrated HCl, 25 mL of concentrated H2SO4) was added. Following this, the sample
was placed in a digester grill in a fume hood for one hour. At the end, the resulting samples were
filtered into 50 mL volumetric flasks (stock solution), gauged, and stirred with triple distilled water.
Finally, samples were poured into 50 mL tubes in order to centrifuge them. The concentrations of Mn,
Cu, Fe, Zn, and Ni were determined by atomic absorption spectrophotometry (AAS, iCE 3000 Series,
Thermo Scientific, Waltham, MA, USA), and the results were expressed in ppm.

Macronutrients (K, Ca, Mg, and Na) were determined by atomic absorption spectrophotometry
(AAS, iCE 3000 Series, Thermo Scientific, Waltham, MA, USA), by reporting the concentration
in percentage. Phosphorus (P) was determined by the colorimetric method of ammonium metavanadate
(NH4VO3) in an absorption range of 430 nm against a K2HPO4 calibration curve. In total, 3.5 mL
of distilled water, 500 µL of the stock solution, and 1 mL of phosphorus reagent (P) were added
to test tubes. Each tube was shaken in a vortex and allowed to stand for one hour. At the end,
the reading was performed on a visible light spectrophotometer (Spectrophotometer, Genesis 10s
UV/Vis, Thermo Scientific, Waltham, MA, USA). The P concentration was expressed as a percentage.

2.6.4. Antioxidant Capacity

The antioxidant capacity was determined by the method proposed by Hsu et al. [32]. The extract
was obtained by macerating 1 g of each sample in 5 mL of 80% methanol, and samples were then
centrifuged at 6000 rpm for 10 min at 4 ◦C. Five hundred microliters of the enzyme extract were taken
and mixed with 2.5 mL of freshly prepared 0.1 mM 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution.
The mixture was incubated for 60 min in dark and cold conditions. An absorbance reading was
performed at 517 nm in a visible light spectrophotometer (JENWAY 6405 UV/Vis). The result was
expressed as a percentage of inhibition with the following formula:

% ability to quench DPPH radicals =
(
1−

Asample −Ablank

Are f erence

)
× 100 (4)

where Asample is the sample absorbance, Ablank is the blank absorbance, and Areference is the absorbance
of the reference containing the DPPH radical.

2.6.5. Bioactive Compounds

The total phenol content was determined by the Folin–Ciocalteu method by spectrophotometry,
using a standard curve of caffeic acid (10–100 µg mL−1) [33]. For extraction, 1 g of a sample from
each treatment and replicate was macerated in 5 mL of 80% methanol. It was then spun at 6000 rpm
for 10 min at a temperature of 4 ◦C. To quantify the total phenols, 750 µL of 2% Na2CO3, 250 µL of
50% Folin–Ciocalteu, 1.375 mL of distilled water, and 250 µL of the enzyme extract were mixed in a
test tube. After incubation at room temperature for 60 min, the absorbance at 725 nm was measured
on a visible light spectrophotometer (Genesis 10s UV/Vis, Thermo Scientific, Waltham, MA, USA).
The total phenol results were expressed in mg of gallic acid g−1 of dry weight (PS) (mg GA g−1 PS).

The flavonoid content was determined by the method proposed by Zhishen et al. [34].
For extraction, 0.5 g of each sample was macerated in 5 mL of 80% methanol, and samples were
spun at 6000 rpm for 10 min at a temperature of 4 ◦C. To quantify flavonoids, 250 µL of the enzyme
extract and 75 µL of 5% NaNO2 were added to a test tube, vortexed, and allowed to stand for 5 min.
After that time, 150 µL of 10% ALCL, 500 µL of 1 M NaOH, and 2.025 mL of distilled water were added.
The sample was again stirred in the vortex and the absorbance at 510 nm was read on a visible light
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spectrophotometer (Genesis 10s UV/Vis, Thermo Scientific, Waltham, MA, USA). The flavonoid results
were expressed in the mg equivalent of catechin g−1 PS (mg CE g−1 PS).

The determination of the anthocyanin content was carried out by the differential pH method
proposed by Wrolstad et al. [35]. For this, 0.5 g of a sample from each repetition was macerated with
5 mL of 80% methanol, and then centrifuged at 6000 rpm for 10 min at 4 ◦C. The reaction mixture was
carried out in two phases. In the first phase, 0.5 mL of the enzyme extract was taken and 2 mL of
potassium chloride at pH 1.0 was added; it was vortexed and the absorbance at 460 nm was measured.
In the second phase, 0.5 mL of the enzymatic extract was taken and 2 mL of sodium acetate at pH 4.5
was added, and stirred in a vortex to measure the absorbance at 710 nm. Absorbance was determined
on a visible light spectrophotometer (Genesis 10s UV/Vis, Thermo Scientific, Waltham, MA, USA).
The results were reported in mg of cyanidin-3-glucoside g−1 of PS (mg C3G g−1 PS).

2.7. Experimental Design and Statistical Analysis

A randomized complete block design was used under a 4× 4 factorial arrangement; the factors were
the edaphic (0.0, 0.125, 0.250, and 0.500 g plant−1) and foliar (0.0, 12.5, 25.0, and 50.0 mM L−1) doses of
zinc sulphate, obtaining 16 treatments with four replicates. An analysis of variance and the comparison
of means with the Tukey test (p ≤ 0.05) were performed on the data of each evaluated variable.
All analyses were performed with the SAS software (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Physical Characteristics of the Cowpea Bean Grain

Table 2 shows the physical characteristics of zinc biofortified cowpea beans
(Vigna unguiculata L. Walpers). The width, length, and thickness displayed no significant differences
between the edaphic and foliar doses of zinc sulphate. The grain width ranged between 5.40 and
5.85 mm, while the length ranged from 8.15 to 8.55 mm and the thickness from 4.32 to 4.55 mm,
with the 0.250 g edaphic-12.5 mM foliar dose of zinc sulphate presenting the greatest width, length,
and grain thickness. Although no statistical differences were detected between the control (0.0 g of
edaphic-0.0 mM foliar) and the different doses of edaphic and foliar zinc sulfate, the dose with 0.250 g
of edaphic-12.5 mM foliar zinc sulfate presented the highest values for the width, length, thickness,
and weight of 100 grains. Regarding the edaphic and foliar doses separately, significant differences were
observed (p≤ 0.05). For the edaphic doses, differences were only observed in the length and grain width,
with the largest dimensions and grain weights shown for the dose of 0.250 g. For foliar doses, the only
statistical differences (p ≤ 0.05) were found in the weight of 100 grains, but with the dose of 12.5 mM,
the highest values were obtained.

3.2. Physicochemical Composition

For the physicochemical variables, significant differences (p ≤ 0.05) were observed between the
different edaphic and foliar zinc doses (Table 3). The ash content ranged between 3.37 and 4.08%,
with the highest concentrations being obtained with 0.500 g edaphic-12.5 mM foliar doses, compared to
the control (0.0 g of edaphic-0.0 mM foliar), which had the lowest concentration (3.37%). Regarding the
fat content, the highest concentration was found in the 0.250 g edaphic-12.5 mM foliar dose, with a
value of 2.72% compared to 1.31%, and the lowest value was recorded with the 0.0 g edaphic-25.0 mM
foliar dose. The moisture content ranged between 11.09 and 11.92%, exhibiting no significant differences
between the edaphic and foliar doses of zinc sulphate. The fiber content ranged between 2.79 and 4.21%.
The carbohydrate content was lower with the 0.250 g edaphic-25.0 mM foliar dose, with a value
of 49.43%, while the 0.250 g edaphic-50.0 mM foliar dose increased its content to 54.46%. The protein
content with the 0.250 g edaphic-25.0 mM foliar dose showed the highest value (29.59%), while the
0.250 g edaphic-50.0 mM foliar dose showed the lowest concentration (25.27%). The lowest value of
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energy content was found in the 0.0 g edaphic-25.0 mM foliar dose, with a value of 3304 kcal kg−1,
while the 0.250 g edaphic-12.5 mM foliar dose had the highest energy concentration (3389 kcal kg−1).

Individual effects of the edaphic and foliar doses produced significant differences (p ≤ 0.05)
between the different doses. For the ash content, significant differences (p ≤ 0.05) were observed by the
edaphic doses of 0.250 and 0.500 g; the highest concentrations of fat (p ≤ 0.05) were observed with
the dose of 0.250 g. The protein, fiber, and humidity exhibited no significant differences between
the edaphic doses. The highest values of protein, moisture, and fat were found in the 0.250 g dose,
with values of 27.12, 11.76, and 2.01%, respectively. For the carbohydrates, significant differences
(p ≤ 0.05) were observed between doses (0.125, 0.250, and 0.50 g) and the control (0.0 g). In terms of
the energy, the highest values (p ≤ 0.05) were observed in the doses of 0.125 and 0.250 g of zinc sulphate.
For foliar doses, the highest values of ash, fat, and energy were found with the doses (12.5, 25.0,
and 50.0 mM) of zinc sulphate, and the values were significantly different (p ≤ 0.05) to those obtained
with the control (0.0 mM zinc sulphate). The moisture and fiber were not significantly different for the
foliar doses. The highest carbohydrate was observed in the doses of 25.0 and 50.0 mM, with significantly
different values in comparison to the doses of 0.0 and 12.5 mM of zinc sulphate. The highest values
of protein were observed in the doses of 25.0, 12.5, and 0.0 mM of zinc sulphate; values which were
significantly different (p ≤ 0.05) to those obtained with the 50.0 mM dose of zinc sulphate. The highest
values of ash, fiber, and carbohydrate were observed with the 50.0 mM foliar dose of zinc sulphate.

Table 2. Physical characteristics of the cowpea bean (Vigna unguiculata L. Walpers) biofortified with
different doses of zinc sulphate.

Doses Width
(mm)

Length
(mm)

Thickness
(mm)

Weight of 100 Grains
(g)Edaphic (g) Foliar (mM)

0 0 5.48 a 8.15 a 4.40 a 14.37 ab

0 12.5 5.65 a 8.22 a 4.55 a 14.35 ab

0 25 5.63 a 8.44 a 4.43 a 14.15 ab

0 50 5.55 a 8.22 a 4.41 a 13.70 b

0.125 0 5.71 a 8.32 a 4.50 a 14.20 ab

0.125 12.5 5.70 a 8.28 a 4.48 a 14.21 ab

0.125 25 5.65 a 8.50 a 4.51 a 13.95 ab

0.125 50 5.59 a 8.24 a 4.41 a 14.03 ab

0.25 0 5.71 a 8.35 a 4.54 a 14.22 ab

0.25 12.5 5.85 a 8.55 a 4.55 a 14.70 a

0.25 25 5.73 a 8.52 a 4.46 a 14.41 ab

0.25 50 5.76 a 8.49 a 4.45 a 14.05 ab

0.5 0 5.73 a 8.36 a 4.47 a 14.29 ab

0.5 12.5 5.77 a 8.40 a 4.54 a 14.28 ab

0.5 25 5.75 a 8.33 a 4.48 a 14.02 ab

0.5 50 5.55 a 8.26 a 4.32 a 13.71 b

p value 0.7653 0.8274 0.7923 0.005

Edaphic

0 5.58 b 8.26 b 4.45 a 14.14 a

0.125 5.66 ab 8.34 ab 4.47 a 14.10 a

0.25 5.76 a 8.48 a 4.50 a 14.35 a

0.5 5.70 ab 8.34 ab 4.46 a 14.07 a

p value 0.0128 0.041 0.6163 0.1921

Foliar

0 5.66 a 8.30 a 4.48 ab 14.27 a

12.5 5.74 a 8.36 a 4.53 a 14.39 a

25 5.69 a 8.45 a 4.47 ab 14.13 ab

50 5.61 a 8.30 a 4.40 a 13.87 b

p value 0.1326 0.207 0.037 <0.0001

Values with the same letter within each column are the same according to the Tukey p ≤ 0.05.
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Table 3. Physicochemical composition in cowpea beans (Vigna unguiculata L. Walpers) biofortified with
different doses of zinc sulphate.

Doses Ash
(%)

Fat
(%)

Moisture
(%)

Fiber
(%)

Carbohydrate
(%)

Protein
(%)

Energy
(kcal kg−1)Edaphic (g) Foliar (mM)

0 0 3.37 b 1.46 cd 11.89 a 3.49 a 53.91 ab 25.88 ab 3323 de

0 12.5 3.40 b 1.37 cd 11.76 a 3.82 a 53.72 ab 25.93 ab 3309 e

0 25 3.41 b 1.31 d 11.91 a 3.72 a 53.05 ab 26.60 ab 3304 e

0 50 3.51 b 1.63 cd 11.09 a 4.21 a 53.60 ab 25.96 ab 3329 de

0.125 0 3.43 b 1.95 bc 11.68 a 3.91 a 52.68 b 26.35 ab 3337 cd

0.125 12.5 3.48 b 1.40 cd 11.68 a 2.98 a 52.47 b 27.99 ab 3344 bc

0.125 25 3.49 b 1.77 cd 11.68 a 3.03 a 52.30 ab 27.73 ab 3361 ab

0.125 50 3.50 b 1.84 bc 11.92 a 2.79 a 53.96 ab 25.99 ab 3364 ab

0.25 0 3.95 a 1.51 cd 11.75 a 3.05 a 52.44 b 27.30 ab 3326 de

0.25 12.5 3.98 a 2.72 a 11.86 a 2.92 a 52.16 b 26.31 ab 3389 a

0.25 25 3.99 a 2.30 ab 11.68 a 3.01 a 49.43 c 29.59 a 3368 a

0.25 50 4.02 a 1.53 cd 11.77 a 2.95 a 54.46 a 25.27 b 3327 de

0.5 0 4.03 a 1.40 cd 11.83 a 2.83 a 54.34 a 25.62 b 3324 de

0.5 12.5 4.08 a 1.82 bcd 11.75 a 3.14 a 53.08 ab 26.13 ab 3332 cd

0.5 25 4.04 a 1.57 cd 11.84 a 3.12 a 53.15 ab 26.28 ab 3319 de

0.5 50 4.01 a 1.70 cd 11.39 a 3.48 a 53.60 ab 25.82 b 3330 de

p value 0.2954 <0.0001 0.1502 <0.0001 <0.0001 0.0011 <0.0001

Edaphic

0 3.42 b 1.44 c 11.66 a 3.81 a 52.12 b 26.09 a 3316 b

0.125 3.47 b 1.74 b 11.74 a 3.18 a 52.85 ab 27.01 a 3351 a

0.25 4.00 a 2.01 a 11.76 a 2.98 a 53.57 a 27.12 a 3351 a

0.5 4.03 a 1.62 bc 11.70 a 3.14 a 53.54 a 25.96 a 3326 b

p value <0.0001 <0.0001 0.2143 0.1202 <.0001 0.1011 <0.0001

Foliar

0 3.68 b 1.56 b 11.79 a 3.32 a 51.98 c 26.29 ab 3327 b

12.5 3.75 a 1.83 a 11.76 a 3.21 a 52.86 b 26.59 ab 3343 a

25 3.73 ab 1.74 ab 11.78 a 3.22 a 53.34 ab 27.55 a 3337 ab

50 3.76 a 1.67 ab 11.54 a 3.36 a 53.90 a 25.76 b 3337 ab

p value 0.0035 <0.0001 0.3055 0.1301 <0.0001 <0.0001 <0.0001

Values with the same letter within each column are the same according to the Tukey p ≤ 0.05.

3.3. Nutrient Content

The micronutrient concentrations are presented in Table 4, where significant differences (p ≤ 0.05)
were observed between the different foliar and edaphic zinc sulphate doses. The manganese
concentration ranged between 7.74 and 12.64 ppm, with the lowest value found with the 0.500 g
edaphic-25.0 mM foliar dose (7.74 ppm), while the 0.125 g edaphic-25.0 mM foliar dose produced
the highest value (12.64 ppm). The copper concentration was higher (9.94 ppm) with the 0.500 g
edaphic-25.0 mM foliar dose compared to the control (8.26 ppm). The iron concentration ranged between
40.96 and 56.95 ppm, with the highest concentration found with the 0.250 g edaphic-50.0 mM foliar dose,
while the 0.125 g edaphic-0.0 mM foliar dose resulted in the lowest iron concentration. The application
of the 0.125 g edaphic-50.0 mM foliar, 0.0 g edaphic-50.0 mM foliar, and 0.5 g edaphic-12.5 mM foliar
doses of zinc sulphate produced zinc concentrations of 56.54, 55.55, and 55.28 ppm, respectively,
while the 0.125 g edaphic-0.0 mM foliar dose and the control had the lowest zinc contents, with values
of 48.86 and 47.77 ppm. However, in general, doses with some soil or foliar zinc sulphate content
were statistically different (p ≤ 0.05) from the control dose. The nickel concentration ranged between
4.32 and 6.53 ppm, with the 0.125 g edaphic-12.5 mM foliar dose showing the highest concentration,
while the control presented the lowest value.
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Table 4. Micronutrient concentration (ppm) in biofortified cowpea beans (Vigna unguiculata L. Walpers)
with different zinc sulphate doses.

Doses
Manganese Copper Iron Zinc Nickel

Edaphic (g) Foliar (mM)

0 0 8.87 d 8.26 b 42.94 bc 47.77 b 4.32 c

0 12.5 12.30 a 9.31 ab 52.33 ab 52.66 ab 4.75 bc

0 25 10.88 bc 9.24 ab 43.17 bc 52.75 ab 5.15 abc

0 50 11.63 ab 9.24 ab 52.50 ab 55.55 ab 5.22 abc

0.125 0 10.26 bc 9.45 ab 40.96 c 48.46 b 5.89 abc

0.125 12.5 11.09 ab 9.18 ab 49.23 abc 51.15 ab 6.53 a

0.125 25 12.64 a 9.20 ab 55.13 a 52.61 ab 5.72 abc

0.125 50 9.05 cd 8.93 ab 45.81 abc 56.54 a 5.85 abc

0.25 0 12.13 a 9.78 ab 55.09 a 50.24 ab 6.35 ab

0.25 12.5 9.48 cd 9.44 ab 42.04 bc 49.95 ab 6.26 ab

0.25 25 11.03 ab 9.24 ab 49.50 abc 54.35 ab 5.99 ab

0.25 50 8.33 d 9.20 ab 56.95 a 53.20 ab 6.16 ab

0.5 0 8.71 d 9.59 ab 50.92 abc 49.69 ab 5.99 ab

0.5 12.5 11.22 ab 9.61 ab 55.51 a 55.28 ab 6.23 ab

0.5 25 7.74 e 9.94 a 41.65 bc 49.00 ab 6.07 ab

0.5 50 10.35 bc 9.77 ab 49.08 abc 54.97 ab 5.69 abc

p value <0.0001 0.1213 <0.0001 0.0454 0.0066

Edaphic

0 10.92 a 9.01 b 47.73 a 52.18 a 4.86 b

0.125 10.76 a 9.19 ab 47.78 a 52.19 a 6.00 a

0.25 10.24 ab 9.42 ab 50.90 a 51.93 a 6.19 a

0.5 9.51 b 9.73 a 49.29 a 52.24 a 6.00 a

p value 0.0066 0.0112 0.078 0.5409 <0.0001

Foliar

0 9.99 ab 9.27 a 47.48 ab 49.04 b 5.64 a

12.5 11.03 a 9.39 a 49.78 ab 52.26 a 5.94 a

25 10.57 ab 9.41 a 47.36 b 52.18 a 5.73 a

50 9.84 b 9.29 a 51.08 a 55.07 a 5.73 a

p value 0.0255 0.8882 0.0212 <0.0001 0.3812

Values with the same letter within each column are the same according to the Tukey test p ≤ 0.05.

The effects of the edaphic and foliar doses separately showed significant differences (p ≤ 0.05).
The highest values of manganese were found in the doses of 0.0, 0.125, and 0.250 g, which were
significantly different in comparison to the dose of 0.500 g zinc sulphate edaphic. The values of copper
and nickel increased with the zinc sulphate edaphic dose, with significant differences with respect to
the control (0.0 g of zinc sulphate). For the iron and zinc content, there were no significant differences
between the different doses of edaphic zinc sulphate and the control, but the 0.500 g dose had the
highest value with 49.29 and 52.34 mg kg−1, respectively. For the copper, iron, and nickel content,
no significant differences were observed between different doses of zinc sulphate foliar. For manganese,
the 12.5, 25.0, and 0.0 g zinc sulphate foliar doses produced the highest values, which were significantly
different to the dose of 50.0 mM. The zinc content was significantly different between the doses
(12.5, 25.0, and 50.0 mM of zinc sulphate) and the control, which had the lowest zinc content. In general,
the highest dose of zinc sulphate applied in either an edaphic (0.500 g) or foliar (50.0 mM) form,
increasing the content of this nutrient in the grain.

Macronutrients concentrations exhibited significant differences (p ≤ 0.05) between the different
doses of edaphic and foliar zinc (Table 5). The 0.250 g edaphic-25.0 mM foliar dose had a nitrogen
content of 4.73% compared to the 0.250 g edaphic-50.0 mM foliar dose, which decreased the nitrogen
content to 4.04%, but the values of the different edaphic and foliar doses were not significantly different.
The phosphorus content did not display significant differences between the edaphic and foliar doses of
zinc sulphate, but the 0.0 g edaphic-12.5 mM foliar dose had the highest value of 0.117%. The potassium
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content ranged between 0.337% and 1.127%, with the highest values being obtained with the doses
of 0.0 g edaphic-12.5 mM foliar, 0.125 g edaphic-25.0 mM foliar, and 0.250 g edaphic-50.0 mM foliar,
with contents of 1.127%, 1.075%, and 1.110%, respectively. For calcium, the highest value was found with
the 0.125 g edaphic-50.0 mM foliar dose, with a value of 0.405%, while the 0.250 g edaphic-12.5 mM foliar
dose decreased the calcium concentration to 0.150%. For the magnesium content, values between 0.135%
and 0.190% were found with the dose of 0.125 g edaphic-0.0 mM foliar, representing the maximum
level of magnesium that was obtained, and with 0.500 g edaphic-50.0 mM foliar, the minimum value
was acquired. The sodium values found were minimal, although there were significant differences
(p ≤ 0.05) between the different doses, with values between 0.0049% and 0.0093%.

Table 5. Macronutrient concentration (%) in biofortified cowpea beans (Vigna unguiculata L. Walpers),
with different doses of zinc sulphate.

Doses
Nitrogen Phosphorus Potassium Calcium Magnesium Sodium

Edaphic (g) Foliar (mM)

0 0 4.14 a 0.112 a 0.490 de 0.190 cd 0.145 bc 0.0078 abd

0 12.5 4.15 a 0.117 a 1.127 a 0.152 d 0.170 abc 0.0053 d

0 25 4.26 a 0.105 a 0.445 de 0.277 bc 0.177 ab 0.0083 abc

0 50 4.15 a 0.110 a 0.942 abc 0.177 cd 0.157 abc 0.0088 ab

0.125 0 4.22 a 0.105 a 0.487 cd 0.255 bcd 0.190 a 0.0064 bcd

0.125 12.5 4.48 a 0.110 a 0.680 cde 0.350 ab 0.162 abc 0.0093 a

0.125 25 4.44 a 0.100 a 1.075 ab 0.237 bcd 0.165 abc 0.0049 d

0.125 50 4.16 a 0.110 a 0.410 de 0.405 a 0.167 abc 0.0066 abd

0.25 0 4.37 a 0.115 a 0.957 abc 0.227 cd 0.150 bc 0.0088 ab

0.25 12.5 4.21 a 0.107 a 0.377 e 0.150 d 0.162 abc 0.0056 cd

0.25 25 4.73 a 0.112 a 0.737 bcd 0.222 cd 0.140 c 0.0073 abd

0.25 50 4.04 a 0.105 a 1.110 a 0.210 cd 0.152 bc 0.0069 abd

0.5 0 4.10 a 0.115 a 0.435 de 0.182 cd 0.152 bc 0.0056 cd

0.5 12.5 4.18 a 0.117 a 0.955 abc 0.230 cd 0.142 bc 0.0074 abcd

0.5 25 4.20 a 0.115 a 0.457 de 0.177 cd 0.162 abc 0.0053 d

0.5 50 4.13 a 0.115 a 0.665 cde 0.257 bcd 0.135 c 0.0091 ab

p value 0.2127 0.448 <0.0001 <0.0001 0.0001 <0.0001

Edaphic

0 4.17 a 0.111 ab 0.751 ab 0.199 b 0.162 ab 0.0076 a

0.125 4.32 a 0.106 b 0.663 ab 0.312 a 0.171 a 0.0068 a

0.25 4.34 a 0.110 ab 0.796 a 0.202 b 0.151 b 0.0072 a

0.5 4.15 a 0.116 a 0.628 b 0.212 b 0.148 b 0.0069 a

p value 0.2405 0.0258 0.0003 <0.0001 <0.0001 0.2554

Foliar

0 4.21 a 0.112 a 0.592 b 0.214 b 0.159 a 0.0072 ab

12.5 4.25 a 0.113 a 0.785 a 0.221 ab 0.159 a 0.0069 ab

25 4.41 a 0.108 a 0.679 ab 0.229 ab 0.161 a 0.0065 b

50 4.12 a 0.110 a 0.782 a 0.262 a 0.153 a 0.0079 a

p value 0.211 0.3644 <0.0001 0.009 0.2562 <0.0001

Values with the same letter within each column are the same according to the Tukey test p ≤ 0.05.

The individual effects of the edaphic and foliar doses showed significant differences (p ≤ 0.05)
between the doses. The edaphic application for the nitrogen and sodium did not display significant
differences between the edaphic doses of zinc sulphate, while for the phosphorus, potassium,
calcium, and magnesium content, significant differences were found between doses. The edaphic
application of 0.250 g had the highest nitrogen and potassium contents of 4.34 and 0.796%, respectively,
while 0.500 g produced the highest phosphorus concentration of 0.116%. For the calcium and
magnesium content, the highest value was found in the 0.125 g dose, with values of 3.81% and 53.57%,
respectively. For foliar application, the nitrogen, phosphorus, and magnesium content did not
show significant differences between the doses of zinc sulphate, while for potassium and calcium,
significant differences were found between the doses and the control (0.0 g), which had the
minimum value. For foliar application, the highest contents of phosphorus and potassium were
obtained with the dose of 12.5 mM, with values of 0.113% and 0.785%, respectively, while the 25.0 mM
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dose had the highest nitrogen and magnesium content, with values of 4.41% and 0.161%, respectively.
Additionally, for the 50 mM foliar dose, the highest calcium and sodium contents were found,
with values of 0.262% and 0.0079%, respectively.

3.4. Bioactive Compound Content and Antioxidant Capacity

The bioactive compound content and antioxidant capacity showed significant differences (p ≤ 0.05)
between the doses of edaphic and foliar zinc tested (Table 6). Total phenols ranged between 1.06
and 2.03 mg GA g−1 PS, while the 0.250 g edaphic-0.0 mM foliar and 0.125 g edaphic-50.0 mM
foliar doses produced the highest values of 1.97 and 2.03 mg GA g−1 PS, respectively. The lowest
flavonoid content was obtained with the 0.0 g edaphic-25.0 mM foliar dose, with 0.50 mg EC
g−1 PS, and increased with the 0.500 g edaphic-25.0 mM foliar, 0.500 g edaphic-50.0 mM foliar,
0.125 g edaphic-25.0 mM foliar, and 0.125 g edaphic-50.0 mM foliar doses (0.82, 0.83, 0.70, and 0.69 mg
CE g−1 PS, respectively). The anthocyanin content ranged between 0.96 and 1.28 mg C3G g−1 PS.
The highest values were obtained with 0.250 g edaphic-12.5 mM foliar, 0.0 g edaphic-50.0 mM foliar,
0.125 g edaphic-25.0 mM foliar, and 0.250 g edaphic- 0.0 mM foliar doses, with 1.28, 1.26, 1.26,
and 1.25 mg C3G g−1 PS, respectively. The inhibition percentage of the antioxidant capacity in the
different edaphic and foliar doses ranged from 86.49 to 89.60%, with the highest antioxidant capacity
presenting at the 0.0 g edaphic-50.0 mM foliar dose. However, this was statistically equal to the 0.500 g
edaphic-25.0 mM foliar, 0.125 g edaphic-0.0 mM foliar, 0.500 g edaphic-50 mM foliar, and 0.250 g
edaphic-50.0 mM foliar doses, with values of 89.12, 89.01, 88.61, and 88.30%, respectively, compared to
the 0.0 g edaphic-0.0 mM foliar dose, which resulted in a value of 86.57%.

Regarding the effects of the edaphic and foliar doses, significant differences (p ≤ 0.05) were
observed between zinc doses. At the edaphic level, the dose with the highest total phenol content
was the 0.125 g edaphic dose, with 1.72 mg GA g−1 PS. For flavonoids, it was the dose of 0.500 g,
with 0.75 mg EC g−1 PS. At the foliar level, the total phenol content with the 50.0 mM dose was 1.64 mg
GA g−1 PS; the 50.0 mM dose produced 0.71 mg EC g−1 PS of flavonoids, which was equal to the dose
with 25.0 mM foliar. For the 0.50 mM dose, an antioxidant capacity with 88.68% inhibition stood out.
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Table 6. The bioactive compound concentration and antioxidant capacity in biofortified cowpea beans
(Vigna unguiculata L. Walpers) with different doses of zinc sulphate.

Doses Total Phenols
(mg GA g−1 PS)

Flavonoids
(mg CE g−1 PS)

Anthocyanins
(mg C3G g−1 PS)

Antioxidant Capacity
(% Inhibition)Edaphic (g) Foliar (mM)

0 0 1.58 bc 0.57 cd 0.96 b 86.57 de

0 12.5 1.51 bc 0.61 bcd 1.05 ab 88.05 bc

0 25 1.54 bc 0.50 d 1.18 ab 87.88 bcd

0 50 1.76 ab 0.59 cd 1.26 a 89.60 a

0.125 0 1.62 bc 0.65 bc 1.20 ab 89.01 ab

0.125 12.5 1.52 bc 0.63 bc 1.21 ab 87.46 cde

0.125 25 1.70 b 0.70 abc 1.26 a 87.26 cde

0.125 50 2.03 a 0.69 abc 1.11 ab 88.21 bc

0.25 0 1.97 a 0.63 bc 1.25 a 88.01 bc

0.25 12.5 1.15 de 0.68 bc 1.28 a 88.04 bc

0.25 25 1.06 e 0.63 bc 1.11 ab 87.30 cde

0.25 50 1.16 de 0.74 ab 1.05 ab 88.30 abc

0.5 0 1.41 cd 0.67 bc 1.22 ab 87.45 cde

0.5 12.5 1.07 e 0.69 bc 1.19 ab 86.49 e

0.5 25 1.53 bc 0.82 a 1.13 ab 89.12 ab

0.5 50 1.19 de 0.83 a 1.19 ab 88.61 abc

p value <0.0001 <0.0001 0.0724 0.877

Edaphic

0 1.60 b 0.57 c 1.11 a 88.02 a

0.125 1.72 a 0.67 b 1.20 a 87.99 a

0.25 1.34 c 0.67 b 1.17 a 87.91 a

0.5 1.30 c 0.75 a 1.18 a 87.92 a

p value <0.0001 <0.0001 0.0724 0.877

Foliar

0 1.54 b 0.63 b 1.16 a 87.51 b

12.5 1.31 c 0.66 b 1.18 a 87.76 b

25 1.46 b 0.67 ab 1.17 a 87.89 b

50 1.64 a 0.71 a 1.15 a 88.68 a

p value <0.0001 <0.0001 0.8313 <0.0001

Values with the same letter within each column are the same according to the Tukey test p ≤ 0.05.

4. Discussion

4.1. Physical Characteristics of the Grain

The grain sizes (length, width, and thickness) of all the zinc edaphic and foliar doses are within
the reported sizes [36]. However, the weight of 100 grains was higher than the 11 g reported [37];
it was within the range reported for zinc biofortified cowpea beans (Vigna unguiculata L. Walpers)
(11.8 and 16.7 g) [38]. This agrees with studies that have indicated that zinc application increases
the yield and compounds in cultivated plants [39]. The size of the grain is an important criterion for
consumers, as small grains are associated with a shorter cooking time [40]. This increase may be due
to zinc’s role in maturation processes and seed production in plants, which affects the performance.
With separate doses, 0.250 g of edaphic zinc produced grains with the largest sizes and weight of
100 grains, although there were no statistical differences, while with the 12.5 mM foliar dose, grains had
the greatest widths, thicknesses, and weights. This is corroborated when observing the highest values
in grain dimensions and weight with the 0.250 g edaphic-12.5 mM foliar dose, which coincides with
Sida-Arreola et al. [41], who reported that adequate zinc application increases the production of
grain in legumes. Furthermore, Yashona et al. [42] reported that the simultaneous edaphic and foliar
application of zinc had a better effect on the performance than carrying out the applications separately.

4.2. Physicochemical Composition

The ash content was similar to another report [43], and the highest content (4%) was obtained
with the 0.500 g edaphic-12.5 mM foliar, 0.500 g edaphic-25.0 mM foliar, 0.250 g edaphic-12.5 mM foliar,
and 0.500 edaphic-50.0 mM foliar doses, indicating that these doses contained the highest nutrient
contents (Table 3). For the fat content, 11 doses had values higher than the mean of 1.4% reported for
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cowpea beans [43]. However, only the 0.250 g edaphic-12.5 mM foliar and 0.250 g edaphic-25.0 mM
foliar doses had values greater than the 1.92% reported by Antova et al. [44] for cowpea bean varieties,
indicating that these doses increased the grain fat content, which may be associated with benefits for
human health [45]. The individual effects of the edaphic and foliar zinc doses produced an increase in
fat content, which increased up to 0.250 g with the edaphic dose, but when the dose increased to 0.500 g,
the content decreased. Additionally, with the foliar dose, the highest content was obtained with the
12.5.0 mM dose, although the contents of the 25.0 and 50.0 mM foliar doses were statistically similar.
The moisture and fiber content showed no differences between the doses, but the values were within
those previously reported for these variables [46].

The carbohydrate content increased with increasing edaphic and foliar doses, showing that
zinc increases the carbohydrate content in cowpea beans, and the 0.250 g edaphic-50.0 mM foliar
dose produced the highest carbohydrate content. Many zinc-dependent enzymes are involved in
carbohydrate metabolism, so zinc is involved in starch formation [47]. Protein contents between 25.27
and 29.58% were found, which were higher than the 23.90% protein reported for cowpea beans [36]
and the control (0.0 g edaphic-0.0 mM foliar). Higher protein contents may have been found in most
of the edaphic and foliar zinc doses, because zinc is an important nutrient that influences protein
synthesis [48]; therefore, the different zinc doses were able to increase the content. Zinc is very
closely involved in the N metabolism of plants. In zinc-deficient plants, protein synthesis and protein
levels are markedly reduced, and amino acids and amides are accumulated [49]. The nutritional
content of the cowpea bean is based on its protein and carbohydrate content; the protein content is
the greatest advantage for human consumption [50]. The WHO [9] advises that the daily protein
requirement for adults, including pregnant or lactating women, is 0.66 g kg−1, or 105 mg of nitrogen
kg−1 of body weight. Therefore, with an intake of around 100 g of grains with over 27% protein,
the daily requirement for protein intake is met. For the individual effects, no differences were observed
between the edaphic doses, but the highest protein content was found with 0.250 g, while in the foliar
form, it was obtained at the 25.0 mM dose. This is corroborated by simultaneously applying these
doses (0.250 g of edaphic-25.0 mM foliar), increasing the value to a content of 29.59% for protein.
In zinc-deficient plants, the rate of protein synthesis and the protein concentration are strongly reduced,
and a high zinc requirement for protein synthesis has also been shown in pollen tubes [51]. The energy
content ranged between 3304 and 3389 kcal kg−1, which depended on the carbohydrate and protein
content, which were within the values reported for cowpea beans [52]. For the energy content, it was
found that the values were within the reported range [45], but it was observed that the highest energy
values were obtained with the doses that presented the highest protein and fat content, due to the
relationship of these with the energy of the food.

4.3. Nutrient Content

Nutrient uptake by crop plants is influenced by climatic, soil, and plant factors. In Table 4,
the contents of magnesium, copper, iron, zinc, and nickel are shown. Manganese and copper are
important for redox systems; as activators of various enzymes, iron plays a crucial role in redox
systems in cells and in various enzymes, zinc plays a role in the detoxification of superoxide radicals,
membrane integrity as well as the synthesis of proteins and the phytohormone IAA, nickel is involved
in nitrogen metabolism as metal component of the enzyme urease [51]. In grains, most of the zinc and
other nutrients are localized in protein bodies and there is a very high positive correlation between
the concentration of zinc, iron, and protein in seeds [51]. The highest zinc content in the grains
was 56.54 ppm, with the 0.125 g edaphic-50.0 mM foliar dose. This value is low compared to the
71.2 ppm reported for zinc sulphate biofortified cowpea beans [5]. In this sense, zinc mobility in soils
is important in relation to zinc availability, since the zinc concentrations in soil solution are low [49].
In general, the zinc concentrations of all doses had contents lower than the 61 ppm established as
a critical level in plants, in order to have sufficient zinc as a nutrient [53]. Some researchers reported
that the foliar application of EDTA chelated zinc could also increase grain zinc concentrations, but we
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chose to use zinc sulphate, since it was more economical [16]. These differences may be because the
present work was carried out under field conditions, while the work that reported high contents
was performed under greenhouse conditions and an inert substrate. The plant variety and the
environmental and soil conditions could result in a lower content of zinc in the grain [54]. For example,
during the first, third, and fourth zinc applications, there was rainfall (Figure 1), which could have
influenced edaphic and foliar absorption. In addition, the iron content in the soil (Table 1) could
have interfered with the zinc absorption by antagonism of these nutrients [55]. The individual
effects of 0.500 g edaphic and 50.0 mM foliar doses produced the highest zinc contents in the grains.
However, for the edaphic application, there were no statistical differences between the different doses,
while with the foliar doses, zinc contents were higher than the dose in which only water was applied.
The manganese and copper contents were within the range reported by Guillén-Molina et al. [38]
for cowpea beans. For the iron content, the values found were within the range of 48 to 79 ppm,
reported by Timko and Singh [52] for cowpea beans. In general, it was observed that the average
iron content in the grain was lower than the zinc content, although it was adequately found in the
soil (Table 1), which may be because of the antagonism of iron and zinc [55]. Nickel values ranged
between 4.32 and 6.53 ppm, with the highest content being obtained with 0.250 g applied edaphically
and 12.5 mM with the foliar form.

Nitrogen plays a central role in plant metabolism, as a constituent of proteins, nucleic acids,
chlorophyll, coenzymes, phytohormones and secondary metabolites; phosphorus is a structural
element in nucleic acids and plays a key role in energy transfer as a component of adenosine
phosphates, and it is also essential for transfer of carbohydrates in leaf cells; potassium affects loading
of sucrose and the rate of mass flow-driven solute movement within the plant; calcium is important for
cell wall and membrane stabilization, osmoregulation and as second messenger allowing plants to
regulate developmental processes in response to environmental stimuli; magnesium is a component of
chlorophyll and is required for photosynthesis and protein synthesis [56]; sodium can also replace
potassium in its role as osmoticum [57]. For the nitrogen content, no differences were found between
the tested doses of edaphic and foliar zinc, but in general, the values obtained were among those
reported for zinc biofortified cowpea beans [5,38,58], but were higher than the content reported for
unfortified cowpea beans (4.01%) [44]. The calcium content ranged between 0.150 and 0.405%,
which is lower than the range of 0.85 to 1.40% reported for cowpea bean cultivars [59]. This may be due
to the antagonistic effect between calcium and zinc [55]. Phosphorus and magnesium contents were
low relative to those reported for cowpea beans, perhaps because the zinc application interferes with
the absorption and translocation of these nutrients [60]. Variations may be due to slight toxicity in the
presence of the highest zinc dose, especially with foliar fertilization at the doses of 25.0 and 50.0 mM L−1,
which resulted in necrosis problems in young leaves and less growth of the plants in the first application.
Regarding the separate doses, no dose had better results in terms of macronutrient contents, since,
with the 0.125 g edaphic dose, the highest content of calcium and magnesium was obtained,
while with the 0.250 g edaphic dose, there was a higher nitrogen and potassium content. The same
thing happened for foliar doses, since the highest content of phosphorus and potassium was obtained
with the 12.5 mM dose, while with the 25.0 mM dose, the highest contents of nitrogen and magnesium
were observed, and with the 50 mM dose, the highest contents of calcium and sodium were measured.

4.4. Bioactive Compounds and Antioxidant Capacity

The total phenolic content varied between 1.06 and 2.03 mg GA g−1 PS, with the highest content
being achieved with the 0.125 g edaphic-50.0 mM foliar dose. In this regard, Andresen et al. [61]
reported that, due to their phenolic content, legumes can be classified as having low (<1.0 mg GAE g−1),
moderate (1.0–2.0 mg GAE g−1), and high (>2.0 mg GAE g−1) contents. For the control and some of the
fourteen treatment doses with edaphic and/or foliar contents, the phenolic content of cowpea bean can
be classified as having a moderate content, while the dose that produced the highest content would
be classified as high. Except for the dose with a high phenolic content, the results of the other doses
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coincide with the moderate content of phenolic compounds reported for cowpea beans [5].
Human health is tied to plant phenolics; in this sense, zinc application is associated with increased
activities of enzymes of the secondary pathway, namely shikimate dehydrogenase, phenylalanine
ammonia-lyase, and polyphenols oxidase [11]. For the flavonoid content, the highest values were
obtained with the doses with the highest content of edaphic zinc (0.500 g) and with the 25.0 and
50.0 mM foliar doses, but in general, all doses had contents higher than the range of 0.0644 to 0.458
reported for cowpea bean [5]. For anthocyanins, the results ranged from 0.96 to 1.28 mg C3G g−1 PS,
with the highest content being produced with the 0.250 g edaphic-12.5 mM foliar dose. In general,
the anthocyanin values are between the range of 0.875 and 3.86 mg g−1 PS reported [1]. The antioxidant
capacity values were between 86.49 and 89.60% of inhibition; the antioxidant capacity is related to
the content of total phenols, flavonoids, and anthocyanins. This is because the doses that presented
the highest antioxidant capacity had a higher content of these bioactive compounds, while the
dose with the lowest content of bioactive compounds also presented the lowest antioxidant activity
(0.500 g edaphic-12.5 mM foliar). The content of total phenols increased with low zinc doses (0.125 g
edaphic-0.0 mM foliar), while the content of flavonoids increased with the highest zinc doses (0.500 g
edaphic-50.0 mM foliar). For anthocyanins, no effect on the edaphic or foliar dose was observed,
while for the antioxidant capacity, no edaphic dose produced statistical differences. When applying
zinc in a foliar way, it was observed that the antioxidant capacity increased with the doses, with the
highest percentage of inhibition showing the dose of 50.0 mM foliar, which coincides with those who
have reported that the antioxidant capacity increases with the application of foliar zinc [11].

5. Conclusions

The agronomic biofortification of cowpea beans with different edaphic and foliar doses of zinc
sulphate influenced the size, physicochemical composition, nutrient content, bioactive compounds,
and antioxidant capacity of the cowpea (Vigna unguicula L. Walpers) grains. The largest grain sizes were
obtained with the application of 0.250 g edaphic in combination with 12.5 mM foliar doses, while the
highest fat, carbohydrate, and protein contents were found with the 0.250 g edaphic dose. In the
foliar treatment, the highest protein content was 25.0 mM. Grain zinc contents higher than 48 ppm were
obtained with all edaphic applications, alone or in combination with foliar applications, and the highest
zinc content was obtained with the dose of 0.125 g edaphic-50.0 mM foliar. Serving cowpea grains from
the 0.250 g edaphic-50.0 mM foliar dose could provide a marked amount of the daily zinc for people.
For the content of bioactive compounds, the different edaphic doses did not affect the anthocyanin
content and antioxidant capacity, but with the 0.125 g edaphic dose, the highest total phenolic content
was obtained. However, for the foliar application, it was observed that the 50.0 mM dose increases
the flavonoid content and antioxidant capacity. The foliar dose of 0.0 g and edaphic-50.0 mM had the
highest antioxidant capacity. Edaphic and foliar zinc biofortification in field cowpea is an effective tool
for increasing the zinc content in grains and thus helping to combat micronutrient malnutrition.
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