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Abstract: Zinc (Zn) is crucial for both plant metabolism and human nutrition, with its deficiency
being a global health concern. Strategies to increase its availability in food, such as agronomic
biofortification, have gained prominence. This study evaluated the impact of foliar spraying of
Zn [at full bloom stage: 0 (control) and 600 g ha~1, as ZnSO4-7H,0] on the nutritional quality of
cowpea (Vigna unguiculata L. Walp.) grains. Field experiments involving 20 cowpea genotypes
were carried out over two seasons in a Typic Quartzipsamment under a no-tillage system. The
photosynthetic responses of cowpea plants and the concentrations of Zn, amino acids, sucrose, total
sugars, and storage proteins (glutelin, albumin, prolamin, and globulin) in grains were analyzed. All
genotypes showed enrichment of Zn in grains in response to ZnSOy-7H,O application compared to
untreated plants. Foliar spraying of ZnSOy4-7H,O during initial grain filling was ideal for increasing
Zn concentration in grains and improving plant physiological processes. Additionally, Zn fertilization
led to higher concentrations of storage and total amino acids and proteins in the grains, supporting
the rational application of Zn in cowpea production to improve the nutritional quality of grains and
increase plant productivity.
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1. Introduction

Zinc (Zn) is an essential element for the proper functioning of the human body, playing
crucial roles in various physiological functions [1]. It acts as an enzymatic cofactor and
is involved in around 10% of the body’s proteins [2,3]. Its insufficiency correlates with
various health issues, including stunted growth, impaired brain development, height-
ened vulnerability to infections, pregnancy complications, and reduced resilience against

Copyright: © 2024 by the authors.

Licensee MDPIL Basel. Switzerland.  OXidative stress and aging [4-6]. Zinc scarcity, along with other micronutrient deficien-

cies, contributes to “hidden hunger”, affecting billions of people worldwide, especially in
developing countries [3].

Zinc is the most deficient plant micronutrient due to its low availability in the soils
under natural conditions, with an average concentration of approximately 64 mg kg~!,
though this content may vary depending on the origin material of each soil [6,7]. This lack
40/). of Zn in the soil further aggravates its deficiency in the population, especially among those
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with low income [8]. In regions where soil and crops suffer from Zn scarcity, mineral defi-
ciency in humans is common [5]. According to the World Health Organization (WHO) [9],
the recommended dietary intake of Zn is 11 mg per day for men and 8 per day for women.
Pregnant and breastfeeding women need 12 mg per day. However, many people fail to
meet these recommendations, and approximately one-third of the global population is at
risk of Zn deficiency, which is more prevalent among children under 5 years old due to the
increased demand for this mineral for growth and development. Each year, about half a
million children in this age group die due to Zn deficiency [1].

Biofortification is an effective strategy to increase the content of micronutrients in
edible plants [10-13]. Biofortification is typically pursued through three primary methods:
traditional plant breeding, agronomic practices, and genetic engineering in plant breed-
ing [14]. Agronomic biofortification stands out as one of the simplest and most economical
methods to enhance micronutrient content in plants. This is achieved by directly supply-
ing micronutrients to plants through the application of mineral or foliar fertilizers, or by
enhancing the solubility and mobility of mineral elements in the soil [12]. However, it is
important to note that the range of Zn concentration for plants is narrow, requiring careful
selection of plant species as well as salt concentrations and forms of fertilizers to achieve
crops with high nutritional quality. Additionally, in choosing the crop, it is also crucial to
opt for those widely consumed by the population to ensure the success of biofortification
programs [6,12].

Cowpea (Vigna unguiculata L. Walp.) is a crop that plays a fundamental role in the diet
of millions of people, especially in arid and semi-arid areas of northern and northeastern
Brazil, where soils are naturally poor in plant nutrients, like phosphorus, and magnesium.
This legume has been the subject of studies in the area of biofortification due to its high
nutritional value [15]. Furthermore, considering that Zn plays a crucial role in nitrogen
(N) metabolism and protein synthesis, its application can positively influence the protein
concentration in cowpea grains. Thus, Zn biofortification in this crop has the potential to
increase the content of this mineral nutrient in grains, contributing to the improvement of
nutritional quality and consequently human health [3].

In addition to the benefits for human health, Zn biofortification is also crucial for
agricultural production. Zn plays a vital role in the growth and development of plants,
influencing protein synthesis, hormone regulation, antioxidant metabolism, and the stabil-
ity of cell membranes [1,6,13]. Plants deficient in Zn often exhibit reduced growth, lower
yields, and increased susceptibility to diseases, negatively affecting agricultural produc-
tion [5]. The application of Zn to deficient soils can improve plant vigor, resulting in higher
yields [7]. Thus, ensuring adequate Zn levels for plants not only improves the nutritional
quality of food but also makes agricultural production more sustainable.

There is a shortage of studies investigating the genotypic effects of foliar-applied Zn
fertilization in cowpea genotypes and their potential to ameliorate Zn deficiency prevalent
in certain populations. Exploring potential genotypic variations presents an opportunity to
investigate Zn accumulation in grains and improve their quality, address hidden hunger,
and strengthen human health. Moreover, improving the Zn content in cowpeas can increase
crop productivity, as well-nourished plants tend to produce more. Field experiments aimed
at enriching cowpea grains with zinc provide valuable insights both for biofortification
programs and for strategies to increase agricultural productivity. Therefore, with this work,
the objective was to evaluate the impact of Zn foliar sprays on the nutritional quality and
yield of cowpeas in 20 genotypes, examining the physiological responses of the plant, as
well as amino acids, sucrose, total sugars, and storage proteins (albumin, globulin, glutelin,
and prolamins) in grains.
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2. Materials and Methods
2.1. Experimental Area Description

The experiment was carried out over two consecutive years (2021 and 2022) at the
Federal Institute of Mato Grosso do Sul in Nova Andradina, MS, Brazil (22°4'35” S 53°27/33”
W). The soil in the experimental area was identified as a Typic Quartzipsamment [16]. To
evaluate the soil’s chemical properties, 30 subsamples were randomly collected from the top
20 cm layer of the experimental field. These subsamples were combined, thoroughly mixed,
and analyzed according to the methodology of Raij et al. [17]. The soil texture analysis
indicated 95 g kg ! clay, 54 g kg~ silt, and 810 g kg~ ! sand. The chemical properties of
the soil were measured as follows: the pH (CaCl, 0.01 M) was 4.8; phosphorus (resin),
boron (hot water), copper (DTPA), iron (DTPA), manganese (DTPA), and zinc (DTPA) were
1.8, 0.5, 0.3, 16, 21, and 0.45 mg dm~3, respectively; potassium (resin), calcium (resin),
magnesium (resin), H + Al (SMP bulffer), and cation exchange capacity were 0.5, 8, 3, 14,
and 25.5 mmolc dm 3, respectively. These measurements were performed following the
procedures outlined by Raij [18].

2.2. Experimental Design and Treatments

The experiment setup was a randomized complete block design with three blocks, in
a factorial scheme of 20 (twenty cowpea genotypes) x 2 (two doses of Zn), totaling 120
plots. Each plot consisted of five rows, each 4 m long, with a spacing of 0.45 m between
rows. This study evaluated twenty cowpea genotypes with brown tegument grain color
under two conditions: no zinc application (control) and foliar application of 600 g ha~!
Zn as zinc sulfate heptahydrate (ZnSO4-7H,0, Sigma-Aldrich, St. Louis, MO, USA). This
concentration and source of Zn were chosen based on previous studies that demonstrated
effectiveness in improving the nutrient content in bean plants [6]. Zinc via foliar spray was
applied 43 days after sowing (DAS) in the first and 42 DAS in the second year (full bloom
stage) using a CO,-pressurized costal spray [15]. The required quantity of zinc (Zn) for each
treatment, across all three replications, was measured and diluted in 8 L of water to prepare
a stock solution. This stock solution was then divided equally into three portions of 2 L
each. These solutions were subsequently applied to the planting furrows. For each plot, 400
mL of the solution was precisely distributed along each row of plants using a small, flexible
polyethylene bottle fitted with a punctured cap [19]. The cowpea genotypes used in this
research were cultivated and obtained from the EMBRAPA (Brazilian Agricultural Research
Corporation, Brasilia, Brazil) germplasm bank. Table S1 provides details regarding the
provenance, maturation cycle, and breeding method of obtention for each genotype.

2.3. Cowpea Cultivation

Sowing took place in October 2022 (first year) and March 2023 (second year), with
rows spaced 0.45 m apart and a density of 13 seeds per square meter under a no-tillage
system. Fertilization at planting included 40 kg ha~! of potassium as KCl, 50 kg ha~! of
phosphorus as a single superphosphate, and 60 kg ha~! of nitrogen as urea, all applied in
the planting furrow mechanically during sowing [15]. Emergence occurred 11 DAS. Leaf
sampling was performed at 62 DAS in both years (at the full bloom stage) to analyze leaf
gas exchange parameters and nutrient contents. The third trifoliate leaf, counted from
the apex, was harvested, dried in an oven at 60 °C until it reached a constant mass, and
then ground in a Wiley mill with a 1 mm sieve. Fifteen trifoliate leaves were randomly
collected from 15 uniform plants per plot. Harvesting and plant height measurements were
conducted at 70 days after sowing (DAS) in the first year and 72 DAS in the second year,
corresponding to pod maturity. For harvesting, two homogeneous rows were selected from
each plot, and all pods were manually collected; grains were then manually removed from
the pods. The grains were dried in an oven at 60 °C to a constant mass and ground in a
Wiley mill with a 1 mm sieve [20].
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2.4. Gas Exchange Parameters

Gas exchange parameters were assessed utilizing an infrared gas analyzer (LI-6400XT,
LICOR, Lincoln, NE, USA) during the time frame of 08:00 to 10:00 a.m. They were measured
under a photon flux density (PPFD) of 1000 pmol m~2 s~! and an air CO, concentration
of 380 umol mol~!, all on the day of plant harvesting. Net photosynthesis rate (A), leaf
stomatal conductance (g;), and transpiration (E) were measured following the methodology
outlined by Santos et al. [21].

2.5. Mineral Nutrient Analysis

Samples of dried and ground leaves and grains, each weighing 0.25 g, were precisely
weighed and subjected to digestion in perfluoroalkoxy (PFA) liner material digestion tubes.
Each tube contained 2 mL of 70% Trace Analysis Grade HNO3, 1 mL of Milli-Q water, and
1 mL of HyO;,. For the analysis of phosphorus (P), potassium (K), calcium (Ca), magnesium
(Mg), sulfur (S), boron (B), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn), the
digested samples were diluted at a ratio of 1:10 using Milli-Q water. Data analysis was
performed using Qtegra™ software version 7.1 (Thermo Fisher Scientific, Waltham, MA,
USA), as described by Silva et al. [22].

2.6. Determination of Total Sugars and Sucrose in Grain

The quantification of sucrose was performed using the method outlined by van Han-
del [23]. In this method, 20 pL of the hydrophilic portion of the MCW extract, 500 pL
of 30% KOH, and 2 mL of concentrated H,SO4 were added to a glass tube. The mixture
was vortexed and then heated in an oven at 100 °C for 10 min. After cooling to room
temperature, the absorbance was measured at 490 nm with a spectrophotometer (SP-220,
Bioespectro™ brand, Sao Paulo, Brazil). The sucrose content was reported in mg g~ DW.

Total sugar quantification followed the protocol described by DuBois et al. [24]. In this
procedure, 20 pL of the hydrophilic portion of the MCW extract, 500 uL of 5% phenol, and
2 mL of concentrated H,SO4 were combined in a glass tube. The mixture was vortexed,
and after cooling to room temperature, the absorbance was read at 490 nm using a spec-
trophotometer (SP-220, Bioespectro™). Results were expressed in mg g~! DW. A standard
sucrose curve was used to quantify both sugar and sucrose.

2.7. Determination of Total Amino Acids and Storage Proteins

The quantification of total free amino acids in the grains was based on the method by
Yemm et al. [25]. In this process, 250 pL of the hydrophilic portion of the MCW extract,
500 uL of 0.2 M sodium citrate, 200 puL of 5% ninhydrin in ethylene glycol, and 1 mL of
0.0002 M KCN were mixed in a glass tube. The mixture was vortexed and then heated at
100 °C for 15 min. After cooling with tap water for 10 min, 1 mL of 60% ethanol was added,
and the solution was mixed again by vortexing. The absorbance at 570 nm was measured
using a spectrophotometer (SP-220, Bioespectro™). The concentration of amino acids in the
grains was calculated using a methionine standard curve, with results expressed in mg g~! DW.

For the extraction of storage proteins, 0.20 g of dried and ground grains were sequen-
tially extracted with 12 mL of deionized water (for albumin determination), 5 mL of 5.0%
NaCl (for globulin determination), 5 mL of 60% ethanol (for prolamin determination), and
3 mL of 0.4% NaOH (for glutelin determination). Protein concentration was determined using
the Bradford method [26], with a BSA (bovine serum albumin) solution as the standard.

2.8. Statistical Analysis

The results underwent Anderson—-Darling normality tests to assess their distribution,
while Levene’s test and variance analysis (F test) were employed to evaluate the homo-
geneity of variance. Treatment differences were compared using the Scott-Knott test at
a significance level of 5%. These statistical analyses were conducted using R software v.
3.5.1 [27]. Graphical representations were generated using SigmaPlot 12.5 software (Systat
Software, San Jose, CA, USA).
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3. Results

The yield of cowpeas in response to foliar-applied Zn fertilization showed that all
genotypes receiving ZnSOy4-7H,O had significantly higher yields relative to those that did
not receive the micronutrient foliar fertilization (Figure 1). Specifically, genotype 7, when
subjected to ZnSO4-7H,O addition, recorded the highest yield in both crops, achieving a
four-fold production increase compared to the treatment without ZnSO,4-7H,0O addition,
with an average yield of 2150 kg ha~! over the two crops. Genotype 8 exhibited the
second-highest yield with ZnSO4-7H,0 addition, being three times higher than the same
genotype grown without ZnSOy-7H,O fertilization. Regarding genotypes that did not
receive ZnSO4-7H,0, the highest yields were observed in genotypes 11, 12, 15, 16, 17, 19,
and 20 in the 2022 crop (Figure 1a), and in genotypes 12, 16, 17, 18, 19 and 20 in the 2023
crop (Figure 1b). These same genotypes, when subjected to ZnSO,4-7H,O addition, showed
the lowest yield relative to other genotypes that also received ZnSO,-7H,O. It is important to
emphasize that foliar-applied ZnSO4-7H;O resulted in higher yields in all evaluated genotypes.
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Figure 1. Cowpea yield during the first (a) and second (b) growing seasons for twenty cowpea
genotypes in response to ZnSO,-7H,O application. Error bars represent the standard error of the
mean (n = 3). Different letters denote significant differences between means as determined by the
Scott—Knott test (p < 0.05). Uppercase letters compare genotypes with Zn application, while lowercase
letters compare genotypes without Zn application. * indicates a significant difference between means
of the same genotype with and without Zn application according to the Scott-Knott test (p < 0.05).

Zinc concentration in the leaves and grains of cowpeas was higher in genotypes
subjected to ZnSOy4-7H,0 addition, highlighting the success of biofortification (Figure 2). In
both crops, genotype 7 treated with ZnSO,-7H,O showed the highest Zn concentration in
the leaves, followed by genotypes 3, 10, 15, and 19. These genotypes exhibited a higher Zn
concentration in the leaves compared to those that did not receive ZnSO,-7H,O spraying,
with genotype 7 recording a seven-fold concentration increase (Figure 2a,b). Regarding the
Zn concentration in the grains, genotypes 3, 7, 14, and 18 receiving ZnSOy-7H,0 showed
the highest concentrations in both crops, about twice as high as treatments without Zn
fertilization. No significant differences were observed in Zn concentration in the grains
among genotypes that did not receive ZnSOy4-7H,O spraying (Figure 2¢,d). There were no
differences in the concentration of nutrients, including Fe (Table S2).
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Figure 2. Leaf and grain Zn concentration for the first (a—c) and second (b—d) growing seasons
of twenty cowpea genotypes in response to the application of ZnSO,-7H,O. Error bars represent
the standard error of the mean (n = 3). Different letters denote significant differences between
means as determined by the Scott-Knott test (p < 0.05). Uppercase letters compare genotypes with
Zn application, while lowercase letters compare genotypes without Zn application. * indicates a
significant difference between means of the same genotype with and without Zn application according
to the Scott-Knott test (p < 0.05).

The results of photosynthesis followed a pattern similar to yield data, where geno-
types with ZnSO,-7H,O addition showed superior performance in both crops (Figure 3).
Remarkably, genotype 7, which received foliar ZnSO,4-7H,O spraying, demonstrated the
best results in both crops. This genotype showed a two-fold increase in net photosynthesis
rate (Figure 3a,b) and stomatal conductance (Figure 3c,d) compared to the same genotype
without ZnSO4-7H,0 application, and transpiration was also significantly increased with
ZnSOy-7H,0 application (Figure 3e,f).
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Figure 3. Net photosynthesis rate (A), stomatal conductance (gs), and transpiration (E) for the first
(a,c,e) and second (b,d,f) growing seasons of twenty cowpea genotypes in response to the application
of ZnSO4-7H,0. Error bars represent the standard error of the mean (n = 3). Different letters denote
significant differences between means as determined by the Scott-Knott test (p < 0.05). Uppercase
letters compare genotypes with Zn application, while lowercase letters compare genotypes without
Zn application. * indicates a significant difference between means of the same genotype with and
without Zn application according to the Scott—Knott test (p < 0.05).
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The concentration of sucrose and total sugar in cowpea grains showed a significant
increase with ZnSO,-7H,0 application in both crops (Figure 4). Specifically, genotypes
3,5,7,10, 11, and 19 exhibited the highest concentrations of sucrose and total sugar in
both crops when treated with Zn. On average, between the two crops, genotypes receiving
Zn showed an increase of 44% in sucrose concentration and an increase of 70% in total
sugar compared to genotypes that did not receive ZnSO4-7H;,0O. Additionally, ZnSO4-7H,0O
application also promoted an increase in the total levels of free amino acids in all evaluated
genotypes, being two-fold higher in cowpea grains subjected to ZnSO,-7H,O application
compared to those without ZnSO,-7H,0O addition (Table 1).
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Figure 4. Concentration of sucrose and total sugar for the first (a—c) and second (b-d) growing seasons
of twenty cowpea genotypes in response to the application of ZnSO4-7H,O. Error bars represent
the standard error of the mean (n = 3). Different letters denote significant differences between
means as determined by the Scott-Knott test (p < 0.05). Uppercase letters compare genotypes with
Zn application, while lowercase letters compare genotypes without Zn application. * indicates a

significant difference between means of the same genotype with and without Zn application according

to the Scott-Knott test (p < 0.05).

There was an increase in storage protein concentration in all evaluated genotypes in

response to ZnSOy-7H,O application during both crop seasons (Figures 5 and 6). However,
a complex interaction was observed between ZnSO,4-7H,O application and genotypes,
which affected different protein fractions. For albumin, the genotypes showing higher
concentrations with ZnSO,-7H,O application were as follows: in the 2022 crop—1, 2, 3,
4,10, 11, 12,15, 16, 17, 18, 19, and 20 (Figure 5a); and in the 2023 crop—1, 2, 3, 10, 11, 12,
15, 16, 17, 18, 19, and 20 (Figure 5b). Regarding globulin, the genotypes demonstrating
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higher concentrations in response to ZnSO4-7H,O application were 1, 9, 15, 16, and 20 in
both crops (Figure 5¢,d). For prolamin, the genotypes with higher concentrations after
ZnS0O4-7H,0 application in both crops were 1, 2, 3, 6, 9, 10, 11, 12, 13, 15, 17, and 20
(Figure 6a,b). In the case of glutelin, genotype 3 stood out with a higher concentration
compared to other genotypes in both crops and recorded a 35% increase compared to
the same genotype without ZnSO,-7H,0 application (Figure 6¢,d). The results showed
genotypic variation, where genotypes did not follow a uniform pattern. For example,
among plants with ZnSO4-7H,0O fertilization, some genotypes showed high yields and
low accumulation of reserve proteins, while others demonstrated low yield and low protein
accumulation. On the other hand, there were cases where genotypes with low yield exhibited
high levels of protein accumulation, just as some genotypes with high yield also showed high

protein levels.
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Figure 5. Concentration of albumin and globulin for the first (a-c) and second (b-d) growing
seasons of twenty cowpea genotypes in response to application of ZnSO,4-7H;O. Error bars represent
the standard error of the mean (n = 3). Different letters denote significant differences between
means as determined by the Scott-Knott test (p < 0.05). Uppercase letters compare genotypes with
Zn application, while lowercase letters compare genotypes without Zn application. * indicates a
significant difference between means of the same genotype with and without Zn application according
to the Scott-Knott test (p < 0.05).
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Figure 6. Concentration of prolamin and glutelin the first (a—c) and second (b—d) years of twenty
cowpea genotypes in response to the application of ZnSOy-7H;O. Error bars represent the standard
error of the mean (n = 3). Different letters denote significant differences between means as determined
by the Scott—Knott test (p < 0.05). Uppercase letters compare genotypes with Zn application, while
lowercase letters compare genotypes without Zn application. * indicates a significant difference
between means of the same genotype with and without Zn application according to the Scott-Knott
test (p < 0.05).

Table 1. Concentrations of total free amino acids (mg kg~!) of twenty cowpea genotypes.

ID Genotype —Zn +Zn
1 MNC11-1013E-33 1.14 3.95
2 MNC11-1013E-16 1.37 3.22
3 MNC11-1013E-15 1.04 3.14
4 MNC11-1013E-35 1.58 3.85
5 MNC11-1018E-17 1.04 3.64
6 MNC11-1019E-8 1.08 3.45
7 MNC11-1019E-12 1.56 3.92
8 MNC11-1019E-46 1.34 3.8
9 MNC11-1020E-16 1.16 3.32
10 MNC11-1022E-58 1.23 3.07
11 MNC11-1024E-1 1.42 3.49
12 MNC11-1026E-15 1.29 3.96
13 MNC11-1022E-19 1.48 3.36
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Table 1. Cont.

ID Genotype —Zn +Zn
14 MNC11-1031E-5 1.5 3.61
15 MNC11-1031E-11 1.33 3.58
16 MNC11-1034E-2 1.47 3.41
17 MNC11-1052E-3 1.36 3.01
18 BRS Pajéu 1.21 3.86
19 BRS Marataoa 1.38 3.17
20 BRS Rouxinol 1.29 3.08
Average 1.34b 3.47 a

Different letters indicate differences between means according to the Scott-Knott test (p < 0.05).

4. Discussion

Foliar Zn fertilization has been shown to have a significant impact on the yield
and quality of cowpea grains. Zinc is a micronutrient that plays an important role in
several metabolic pathways and physiological processes in plants. It acts as a cofactor
in many enzymes involved in photosynthesis, carbohydrate metabolism, and protein
synthesis [28-30]. For example, Zn is essential for the activity of carbonic anhydrase (EC
4.2.1.1), an enzyme that facilitates the transfer of CO,/HCO;3 for photosynthetic carbon
(C) fixation [28,31]. Furthermore, Zn is also involved in the regulation of photosynthate
metabolism, which affects the activity of enzymes such as superoxide dismutase (EC
1.15.1.1) and d-ribulose-5-phosphate 3-epimerase (EC 5.1.3.1) [28,32]. Therefore, the ad-
dition of Zn can increase the efficiency of photosynthesis and, consequently, the yield
of cowpeas.

The results of photosynthesis followed a pattern similar to yield data. Genotypes
that exhibited higher yield due to ZnSO4-7H,0 spraying also showed higher rates of net
photosynthesis, stomatal conductance, and transpiration. This is explained by the fact
that Zn is an essential component of various enzymes involved in photosynthesis, such
as carbonic anhydrase and RuBisCO (ribulose 1,5-disphosphate carboxylase, EC 4.1.1.39),
which facilitates CO, fixation and increases chlorophyll production efficiency [33,34]. Addi-
tionally, Zn is involved in carbohydrate metabolism and cellular respiration, enhancing the
activity of enzymes such as pyruvate dehydrogenase (EC 1.2.4.1) and isocitrate dehydro-
genase (EC 1.1.1.42). This results in more efficient cellular respiration [35-37]. Regarding
stomatal conductance, Zn influences the regulation of ion movement across cell membranes,
affecting stomatal opening and facilitating the entry of CO, and the exit of water vapor
during transpiration [38]. Similar results to ours were observed by other authors in different
crops. Liu et al. [29], when evaluating the yield of maize and wheat as a function of Zn
application, concluded that increases in the yield of these crops were mainly achieved
through improvements in photosynthetic rate and leaf area index resulting from foliar
Zn spraying. Esfandiari et al. [39], assessing the impact of foliar Zn application on grain
production, also observed higher yield and related this improvement to increased enzymatic
activity, photosynthetic rate, and translocation of photoassimilates to grains resulting from Zn
application. Yeboah et al. [40] observed that the addition of Zn to bean plants had a beneficial
effect on chlorophyll content and stomatal conductance, resulting in a higher yield.

The observation of higher concentrations of Zn in the leaves and grains of cowpeas in
genotypes subjected to Zn addition confirms the effectiveness of agronomic biofortification
in this context. However, there was observed genotypic variability in the response, with
some genotypes proving to be superior to others. Zinc concentrations in cowpea grains
from plants sprayed with Zn ranged from 38 to 62 mg kg~!, on average, over the two
crop seasons (Figure 2¢,d). These values are close to those (47-59 mg kg~!) found by Silva
et al. [3], when evaluating Zn biofortification in 29 cowpea genotypes. However, a greater
variation in Zn concentrations in grains was observed in our work. The variation in the
magnitude of response among different cowpea genotypes highlights the importance of
considering the specific genetic characteristics of each genotype. In agreement with the
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observations of Oliveira et al. [41], Rocha et al. [42], and Silva et al. [3], this genotypic
variation is expected due to the high morphological and genetic diversity of cowpea
genotypes. Some genotypes may be more efficient in Zn uptake and translocation than
others, which can directly influence the concentration of this micronutrient in leaves and
grains [28].

In addition to the increase in Zn concentration in the grains of genotypes that received
ZnSO4-7H,0 spraying, there was an increase in the concentration of sucrose, total sugar,
and total amino acids in cowpea grains in both seasons evaluated across all genotypes. It is
plausible that the addition of Zn may have directly influenced the activities of enzymes
involved in the synthesis and metabolism of carbohydrates and amino acids in cowpea
grains [36,43]. Among these enzymes, sucrose synthase and invertase stand out, responsible
for the synthesis and decomposition of sucrose, respectively [44]. With the presence
of Zn, it is possible that the activity of these enzymes is increased, promoting greater
sucrose synthesis in the grains. Additionally, the observed increase in photosynthetic rate
and stomatal conductance with Zn addition may have contributed to an increase in C
assimilation by the plants. This, consequently, may have triggered the observed increase
in sucrose concentration, total sugar, and total amino acids in cowpea grains after Zn
application. The positive effects of Zn on sugars, sucrose, and total amino acids were also
observed in previous studies. In some cowpea genotypes, Zn increased total sugar levels
in grains [3]. In cabbage cv. Bronco, Zn application increased the concentration of total
amino acids [45]. In common beans, with foliar application of Zn at the same dose used in
our study (600 g ha~1!), there was an increase in the concentrations of total amino acids,
sucrose, and total sugars in grains [6].

The application of ZnSO,-7H,0 increased the concentration of storage proteins in the
grains in all genotypes evaluated during the two seasons (Figures 5 and 6). This increase
can be attributed to Zn being a cofactor of several enzymes involved in protein synthesis,
including those participating in the transcription and translation of genes responsible for
protein production [28,46,47]. Additionally, Zn is also involved in the regulation of gene
expression related to protein synthesis, which can directly influence transcription and
translation processes in ribosomes [28]. This gene regulation may increase the expression of
genes responsible for the synthesis of storage proteins in cowpea grains. Another important
aspect is the role of Zn in the stability and integrity of protein structures. Zinc acts as a
structure stabilizer in some proteins, ensuring their correct three-dimensional conformation
and, consequently, their functionality [47,48]. The increase in protein concentration in
cowpea grains after Zn application can also be attributed to the effect of this micronutrient
on the enzymatic pathways responsible for N assimilation [3,5].

The Zn source used in the study (ZnSO4-7H,0) contains sulfur (S), an element that
plays a role in protein synthesis [49]. This may have influenced the nutritional quality of
cowpea grains. Sulfur is known for its role in the formation of amino acids and proteins,
and its presence may have contributed to the observed results in protein content in the
grains [49]. Although our study primarily focused on the effects of Zn, the additional
benefits of sulfur cannot be disregarded. We acknowledge that further research is needed
to understand the extent of these effects.

In all evaluated attributes, genotypic variation in response to Zn addition was ob-
served, highlighting the complexity of interactions between different cowpea genotypes
and Zn fertilization. For example, genotype 7 (MNC11-1019E-12) exhibited the highest
yield, greater photosynthesis, and Zn concentration in both leaves and grains with Zn
application in the two seasons. However, this genotype did not show the highest protein
concentration. The lack of a uniform response pattern, particularly concerning protein
concentrations in grains and yield among genotypes, suggests the influence of multiple
factors, both genetic and environmental, on the phenotypic expression of plants. Different
genotypes may exhibit varied levels of efficiency in Zn utilization, which can affect their
response to the addition of this micronutrient. Additionally, specific environmental factors
for each genotype may also influence their response to Zn addition [28].
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Based on all observed results, the significant contribution of agronomic Zn biofortifi-
cation to improving the nutritional quality of cowpea crops is emphasized. The addition of
Zn not only resulted in an increase in the concentration of this micronutrient in grains but
also promoted an increase in other important compounds, such as total amino acids and
storage proteins. These benefits are of great importance, especially in regions where Zn
deficiency is a public health concern.

5. Conclusions

The results of this study clearly demonstrate the positive effects of agronomic bio-
fortification with Zn on the nutritional quality and yield of cowpeas. The addition of Zn
resulted not only in an increase in the concentration of this micronutrient in grains but also
promoted an increase in other important compounds, such as total amino acids, sucrose,
total sugars, and storage proteins. This highlights the importance of biofortification as a
strategy to improve food security and nutrition, especially in regions where Zn deficiency
is a public health concern. Additionally, the genotypic variation observed in response
to Zn addition underscores the need to consider different genotypes and environmental
factors when developing biofortification strategies. In the context of the United Nations
Sustainable Development Goals (https://www.undp.org/sustainable-development-goals,
accessed on 1 February 2024), agronomic biofortification emerges as a promising tool to
achieve goals related to food security, health, and well-being. Continuing research in this
area is essential to expand access to more nutritious foods and promote more sustainable
and resilient agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture14060911/s1, Table S1: Identity, commercial class and
characteristics of cowpea genotypes used in this study based on commercial subclass, maturation
cycle and breeding method of obtention; Table S2: Macronutrient and micronutrient concentrations
in leaves of twenty cowpea genotypes collected at full bloom.

Author Contributions: C.FO. and M.G.S. set up and conducted the experiment, performed the
laboratory analyses, and conceptualized and wrote the manuscript. G.N.S. and K.R.D. performed
statistical analyses and aided in the results and discussion writing. M.d.M.R., AR.R., FH.S.R. and J.L.
provided support in the experiment conduction, laboratory analyses, and writing. E.ES. planned,
conceptualized, and coordinated the project and validated the writing and analyses. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors wish to thank the Federal Institute of Mato Grosso do Sul for supporting the
financial resources and the National Council for Scientific and Technological Development (Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico—CNPq) for a Research Fellowship (CNPq,
Grant #303718/2020-0 to J.L and Grant #310494/2022-2 to EFS).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data supporting the conclusions of this article will be made
available by the authors on request.

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

1. Cakmak, L; Kutman, U.A. Agronomic biofortification of cereals with zinc: A review. Eur. J. Soil Sci. 2018, 69, 172-180. [CrossRef]

2. Krezel, A.; Maret, W. The biological inorganic chemistry of zinc ions. Arch. Biochem. Biophys. 2016, 611, 3-19. [CrossRef] [PubMed]

3.  Silva, VM,; Nardeli, A.J.; Carvalho, M.N.A.; Moura, RM.; Wilson, L.; Young, S.D.; Reis, A.R. Agronomic biofortification of
cowpea with zinc: Variation in primary metabolism responses and grain nutritional quality among 29 diverse genotypes. Plant
Physiol. Biochem. 2021, 162, 378-387. [CrossRef] [PubMed]

4. Terrin, G,; Berni, C.R; Di, C.M.; Pietravalle, A.; Aleandri, V.; Conte, F,; Curtis, M. Zinc in early life: A key element in the fetus and
preterm neonate. Nutrients 2015, 7, 10427-10446. [CrossRef] [PubMed]

5. Dai, H.; Wei, S.; Twardowska, I. Biofortification of soybean (Glycine max L.) with Se and Zn, and enhancing its physiological
functions by spiking these elements to soil during flowering phase. Sci. Total Environ. 2020, 740, 139648. [CrossRef] [PubMed]


https://www.undp.org/sustainable-development-goals
https://www.mdpi.com/article/10.3390/agriculture14060911/s1
https://www.mdpi.com/article/10.3390/agriculture14060911/s1
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1016/j.abb.2016.04.010
https://www.ncbi.nlm.nih.gov/pubmed/27117234
https://doi.org/10.1016/j.plaphy.2021.02.020
https://www.ncbi.nlm.nih.gov/pubmed/33735742
https://doi.org/10.3390/nu7125542
https://www.ncbi.nlm.nih.gov/pubmed/26690476
https://doi.org/10.1016/j.scitotenv.2020.139648
https://www.ncbi.nlm.nih.gov/pubmed/32927528

Agriculture 2024, 14, 911 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.
32.

33.

Kachinski, W.D.; Avila, EW.; dos Reis, A.R.; Muller, M.M.L.; Mendes, M.C.; Petranski, P.H. Agronomic biofortification increases
concentrations of zinc and storage proteins in common bean (Phaseolus vulgaris L.) grains. Food Res. Int. 2022, 155, 111105.
[CrossRef] [PubMed]

Alloway, B.J. Soil factors associated with zinc deficiency in crops and humans. Environ. Geochem. Health 2009, 31, 537-548.
[CrossRef] [PubMed]

Moloto, R.M.; Moremi, L.H.; Soundy, P.; Maseko, S.T. Biofortification of common bean as a complementary approach to addressing
zinc deficiency in South Africans. Acta Agric. Scand. B Soil Plant Sci. 2018, 68, 575-584. [CrossRef]

WHO—World Health Organization. Trace Elements in Human Nutrition and Health; World Health Organization: Geneva, Switzer-
land, 1996.

Kumar, S.; Palve, A.; Joshi, C.; Srivastava, R.K. Crop biofortification for iron (Fe), zinc (Zn) and vitamin A with transgenic
approaches. Heliyon 2019, 5, e01914. [CrossRef]

Prom-U-Thai, C.; Rashid, A.; Ram, H.; Zou, C.; Guo, S.; Naeem, A.; Cakmak, I. Simultaneous biofortification of rice with zinc,
iodine, iron and selenium through foliar treatment of a micronutrient cocktail in five countries. Front. Plant Sci. 2020, 11, 589835.
[CrossRef]

Szerement, J.; Szatanik-Kloc, A.; Mokrzycki, ].; Mierzwa-Hersztek, M. Agronomic biofortification with Se, Zn, and Fe: An effective
strategy to enhance crop nutritional quality and stress defense—A review. J. Soil Sci. Plant Nutr. 2022, 22, 1129-1159. [CrossRef]
Inacio, K.A.M.; Farfan, N.C.; Azevedo, C.E.X.; Polatto, M.A.G.; Carrion, N.S.; Mendes, P.V.S.; Santos, E.F. Potential of Cassava
Clones for Iron, Zinc, and Selenium Biofortification. Agriculture 2024, 14, 268. [CrossRef]

Lividini, K.; Fiedler, J.L.; Moura, FE; Moursi, M.; Zeller, M. Biofortification: A review of ex-ante models. Glob. Food Secur. 2018,
17,186-195. [CrossRef]

Santos, E.F.; Figueiredo, C.O.; Rocha, M.A.P.;; Lanza, M.G.D.B; Silva, V.M.; Reis, A.R. Phosphorus and Selenium Interaction
Effects on Agronomic Biofortification of Cowpea Plants. J. Soil Sci. Plant Nutr. 2023, 23, 4385-4395. [CrossRef]

USDA—United States Department of Agriculture. Soil Survey Staff Keys to Soil Taxonomy, 12th ed.; Natural Resources Conservation
Service: Washington, DC, USA, 2014.

Raij, B.V.; Andrade, J.C.; Cantarella, H.; Quaggio, ].A. Andlise Quimica Para Avaliagdo da Fertilidade de Solos Tropicais; Instituto
Agronémico de Campinas: Campinas, Brazil, 1997.

Raij, B. Soil Fertility and Nutrient Management; Internatio: Piracicaba, Brazil, 2011.

Silva, V.M.; Boleta, E.H.; Martins, ].T.; dos Santos, EL.; Silva, A.C.d.R.; Alcock, T.D.; Wilson, L.; E de Sa, M.; Young, S.D.; Broadley,
M.R;; et al. Agronomic biofortification of cowpea with selenium: Effects of selenate and selenite applications on selenium and
phytate concentrations in seeds. J. Sci. Food Agric. 2019, 99, 5969-5983. [CrossRef] [PubMed]

Santos, E.F.; Macedo, EG.; Zanchim, B.J.; Lima, G.P.P; Lavres, J. Prognosis of physiological disorders in physic nut to N, P, and K
deficiency during initial growth. Plant Physiol. Biochem. 2017, 115, 249-258. [CrossRef] [PubMed]

Santos, E.F,; Pongrac, P; Reis, A.R.; Rabélo, EH.S.; Azevedo, R.A.; White, PJ.; Lavres, J. Unravelling homeostasis effects of
phosphorus and zinc nutrition by leaf photochemistry and metabolic adjustment in cotton plants. Sci. Rep. 2021, 11, 1-14.
[CrossRef]

Silva, V.M.; Boleta, E.H.M.; Lanza, M.G.D.B.; Lavres, J.; Martins, J.T.; Santos, E.F.,; dos Santos, F.L.M.; Putti, EE; Junior, E.F.; White,
PJ.; et al. Physiological, biochemical, and ultrastructural characterization of selenium toxicity in cowpea plants. Environ. Exp. Bot.
2018, 150, 172-182. [CrossRef]

van Handel, E. Direct microdetermination of sucrose. Anal. Biochem. 1968, 22, 280-283. [CrossRef]

DuBois, M.; Gilles, K.A.; Hamilton, ].K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of Sugars and Related
Substances. Anal. Chem. 1956, 28, 350-356. [CrossRef]

Yemm, E.W.; Cocking, E.C.; Ricketts, R.E. The determination of amino-acids with ninhydrin. Analyst 1955, 80, 209-214. [CrossRef]
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef] [PubMed]

R Core Team R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria.
2018. Available online: https:/ /cran-archive.r-project.org/bin/windows/base/old/3.5.1/ (accessed on 1 February 2024).
Moreira, A.; Moraes, L.A.; Reis, A.R. The molecular genetics of zinc uptake and utilization efficiency in crop plants. In Plant
Micronutrient Use Efficiency; Hossain, M.A., Kamiya, T., Burritt, D.J., Tran, L.S.P., Toru Fujiwara, T., Eds.; Academic Press:
Cambridge, MA, USA, 2018; pp. 87-108.

Liu, YM.; Liu, D.Y.; Zhang, W.; Chen, X.X.; Zou, C.Q. Photosynthetic characteristics and productivity in a wheat-maize system
under varying zinc rates. Crop Sci. 2020, 60, 3291-3300. [CrossRef]

Suganya, A.; Saravanan, A.; Manivannan, N. Role of zinc nutrition for increasing zinc availability, uptake, yield, and quality of
maize (Zea mays L.) grains: An overview. Commun. Soil Sci. Plant Anal. 2020, 51, 2001-2021. [CrossRef]

Marschner, H. Mineral Nutrition of Higher Plants, 3rd ed.; Academic Press: London, UK, 2012.

Hénsch, R.; Mendel, R.R. Physiological functions of mineral micronutrients (cu, Zn, Mn, Fe, Ni, Mo, B, cl). Curr. Opin. Plant Biol.
2009, 12, 259-266. [CrossRef] [PubMed]

Escudero-Almanza, D.J.; Ojeda-Barrios, D.L.; Herndndez-Rodriguez, O.A.; Chavez, E.S.; Ruiz-Anchondo, T.; Sida-Arreola, J.P.
Carbonic anhydrase and zinc in plant physiology. Chil. J. Agric. Res. 2012, 72, 140. [CrossRef]


https://doi.org/10.1016/j.foodres.2022.111105
https://www.ncbi.nlm.nih.gov/pubmed/35400477
https://doi.org/10.1007/s10653-009-9255-4
https://www.ncbi.nlm.nih.gov/pubmed/19291414
https://doi.org/10.1080/09064710.2018.1454507
https://doi.org/10.1016/j.heliyon.2019.e01914
https://doi.org/10.3389/fpls.2020.589835
https://doi.org/10.1007/s42729-021-00719-2
https://doi.org/10.3390/agriculture14020268
https://doi.org/10.1016/j.gfs.2017.11.001
https://doi.org/10.1007/s42729-023-01357-6
https://doi.org/10.1002/jsfa.9872
https://www.ncbi.nlm.nih.gov/pubmed/31215030
https://doi.org/10.1016/j.plaphy.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/28399490
https://doi.org/10.1038/s41598-021-93396-1
https://doi.org/10.1016/j.envexpbot.2018.03.020
https://doi.org/10.1016/0003-2697(68)90317-5
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1039/AN9558000209
https://doi.org/10.1016/0003-2697(76)90527-3
https://www.ncbi.nlm.nih.gov/pubmed/942051
https://cran-archive.r-project.org/bin/windows/base/old/3.5.1/
https://doi.org/10.1002/csc2.20325
https://doi.org/10.1080/00103624.2020.1820030
https://doi.org/10.1016/j.pbi.2009.05.006
https://www.ncbi.nlm.nih.gov/pubmed/19524482
https://doi.org/10.4067/S0718-58392012000100022

Agriculture 2024, 14, 911 15 of 15

34.
35.
36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Das, S.K.; Avasthe, R K.; Singh, M.; Dutta, S.K; Roy, A. Zinc in plant-soil system and management strategy. Agrica 2018, 7, 1-6.
[CrossRef]

Tan, Y.F; O’'Toole, N.; Taylor, N.L.; Millar, A.H. Divalent metal ions in plant mitochondria and their role in interactions with
proteins and oxidative stress-induced damage to respiratory function. Plant Physiol. 2010, 152, 747-761. [CrossRef] [PubMed]
Mousavi, S.R.; Galavi, M.; Rezaei, M. Zinc importance for crop production—A review. Int. J. Agron. Plant Prod. 2013, 4, 64-68.
Kaur, H.; Garg, N. Zinc toxicity in plants: A review. Planta 2021, 253, 129. [CrossRef]

Hassan, M.U.; Aamer, M.; Chattha, M.U.; Haiying, T.; Shahzad, B.; Barbanti, L.; Guoqin, H. The critical role of zinc in plants
facing the drought stress. Agriculture 2020, 10, 396. [CrossRef]

Esfandiari, E.; Abdoli, M.; Mousavi, S.B.; Sadeghzadeh, B. Impact of foliar zinc application on agronomic traits and grain quality
parameters of wheat grown in zinc deficient soil. Indian J. Plant Physiol. 2016, 21, 263-270. [CrossRef]

Yeboah, S.; Asibuo, ]J.; Oteng-Darko, P.; Asamoah Adjei, E.; Lamptey, M.; Owusu Danquah, E.; Butare, L. Impact of foliar
application of zinc and magnesium aminochelate on bean physiology and productivity in Ghana. Int. |. Agron. 2021, 2021, 1-9.
[CrossRef]

Oliveira, D.S.V.D.; Franco, L.J.D.; Menezes-Junior, J.A.N.D.; Damasceno-Silva, K.J.; Rocha, M.D.M.; Neves, A.C.D.; Sousa, FM.D.
Adaptability and stability of the zinc density in cowpea genotypes through GGE-Biplot method1. Rev. Ciénc. Agron. 2017, 48,
783-791. [CrossRef]

Rocha, M.M.; Damasceno-Silva, K.J.; Menezes-Junior, ].A.N. Cultivares. In Feijio-Caupi: Do Plantio a Colheita; do Vale, J.C., Bertini,
C., Borém, A., Eds.; Editora UFV: Vigosa, Brazil, 2017; pp. 113-142.

Singh, D.; Prasanna, R. Potential of microbes in the biofortification of Zn and Fe in dietary food grains. A review. Agron. Sustain.
Dev. 2020, 40, 15. [CrossRef]

Quick, W.P; Schaffer, A.A. Sucrose metabolism in sources and sinks. In Photoassimilate Distribution Plants and Crops Source-Sink
Relationships, 1st ed.; Zamski, E., Schaffer, A.A., Eds.; Routledge: New York, NY, USA, 2017; pp. 115-158.

Barrameda-Medina, Y.; Blasco, B.; Lentini, M.; Esposito, S.; Baenas, N.; Moreno, D.A.; Ruiz, ]. M. Zinc biofortification improves
phytochemicals and amino-acidic profile in Brassica oleracea cv. Bronco. Plant Sci. 2017, 258, 45-51. [CrossRef] [PubMed]
Castillo-Gonzélez, J.; Ojeda-Barrios, D.; Hernandez-Rodriguez, A.; Gonzalez-Franco, A.C.; Robles-Hernandez, L.; Lépez-Ochoa,
G.R. Zinc metalloenzymes in plants. Interciencia 2018, 43, 242-248.

Hamzah Saleem, M.; Usman, K.; Rizwan, M.; Jabri, A.L; Alsafran, M. Functions and strategies for enhancing zinc availability in
plants for sustainable agriculture. Front. Plant Sci. 2022, 13, 1033092. [CrossRef] [PubMed]

Zaheer, LE.; Ali, S.; Saleem, M.H.; Arslan Ashraf, M.; Ali, Q.; Abbas, Z.; Wijaya, L. Zinc-lysine supplementation mitigates
oxidative stress in rapeseed (Brassica napus L.) by preventing phytotoxicity of chromium, when irrigated with tannery wastewater.
Plants 2020, 9, 1145. [CrossRef]

Speiser, A.; Silbermann, M.; Dong, Y.; Haberland, S.; Uslu, V.V.; Wang, S.; Hell, R. Sulfur partitioning between glutathione and
protein synthesis determines plant growth. Plant Physiol. 2018, 177, 927-937. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5958/2394-448X.2018.00001.9
https://doi.org/10.1104/pp.109.147942
https://www.ncbi.nlm.nih.gov/pubmed/20018591
https://doi.org/10.1007/s00425-021-03642-z
https://doi.org/10.3390/agriculture10090396
https://doi.org/10.1007/s40502-016-0225-4
https://doi.org/10.1155/2021/9766709
https://doi.org/10.5935/1806-6690.20170091
https://doi.org/10.1007/s13593-020-00619-2
https://doi.org/10.1016/j.plantsci.2017.02.004
https://www.ncbi.nlm.nih.gov/pubmed/28330562
https://doi.org/10.3389/fpls.2022.1033092
https://www.ncbi.nlm.nih.gov/pubmed/36275511
https://doi.org/10.3390/plants9091145
https://doi.org/10.1104/pp.18.00421

	Introduction 
	Materials and Methods 
	Experimental Area Description 
	Experimental Design and Treatments 
	Cowpea Cultivation 
	Gas Exchange Parameters 
	Mineral Nutrient Analysis 
	Determination of Total Sugars and Sucrose in Grain 
	Determination of Total Amino Acids and Storage Proteins 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

