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Abstract 

Conducting a field study to investigate the effects of foliar and soil fertilization with copper on the nutritional and 

physiological parameters and grain yield of common bean. The experimental design was a randomized block, in a 2 x 

5 factorial scheme. The first factor was the site of application of copper fertilization. The second factor was copper 

doses: 0, 1, 2, 3, and 4 kg ha-1 (6 replicates). The following were evaluated: leaf nitrogen and copper contents, relative 

chlorophyll index (RCI), gas exchange, photochemical efficiency of photosystem II, and grain yield. The data were 

subjected to analysis of variance and F test (p-value < 0.05), using the Scott & Knott for qualitative data and polynomial 

regression for quantitative data. Leaf Cu content was higher with soil application (4% and 28%), both at 24 and 45 

DAE, respectively. Net photosynthesis reached a maximum index of 18.77 µmol m-2 s-1 with foliar Cu fertilization at 

the dose of 4 kg ha-1. The application of 2.0 kg ha-1 Cu was the one that led to the highest grain yields; however, soil 

application stood out with a yield about 12% higher of the foliar. Soil fertilization proved to be more efficient in terms 

of Cu absorption and RCI rates, improving grain yield (12%) in relation to foliar, especially at the dose of 2 kg ha-1. 

The dose of 2 kg Cu ha-1 provided the best differential profit, reaching US$ 581.96 ha-1 and US$ 503.01 ha-1 for soil 
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and foliar application, respectively. 

Keywords: Foliar fertilization; In-furrow fertilization; Micronutrients; Photosynthesis; Physiological quality. 

 

Resumo  

Um estudo de campo foi realizado para investigar os efeitos da adubação com cobre via foliar e no solo e sua 

influência nos parâmetros nutricionais, fisiológicos, produtivos e econômicos do feijoeiro comum (Phaseolus vulgaris 

L.). O delineamento experimental foi em blocos ao acaso, em esquema fatorial 2x5. O primeiro fator foi o local de 

aplicação da fertilização com cobre. O segundo fator foram as doses de cobre: 0, 1, 2, 3 e 4 kg ha-1 (6 repetições). 

Foram avaliados: teores foliares de nitrogênio e cobre, índice relativo de clorofila (ICR), trocas gasosas, eficiência 

fotoquímica do fotossistema II e rendimento de grãos. Os dados foram submetidos à análise de variância e teste F (p-

valor <0,05), utilizando-se Scott & Knott para dados qualitativos e regressão polinomial para dados quantitativos. O 

teor de Cu nas folhas foi maior com a aplicação no solo (4% e 28%), aos 24 e 45 DAE, respectivamente. A 

fotossíntese líquida atingiu índice máximo de 18,77 µmol m-2 s-1 com adubação foliar de Cu na dose de 4 kg ha-1. A 

aplicação de 2,0 kg ha-1 Cu foi a que proporcionou os maiores rendimentos de grãos; entretanto, a aplicação no solo se 

destacou com um rendimento cerca de 12% superior à foliar. A fertilização do solo mostrou-se mais eficiente em 

termos de absorção de Cu e doses de IRC, melhorando o rendimento de grãos (12%) em relação ao foliar, 

principalmente na dose de 2 kg ha-1. A dose de 2 kg Cu ha-1 proporcionou o melhor ganho diferencial, atingindo US$ 

581,96 ha-1 e US$ 503,01 ha-1 para aplicação no solo e foliar, respectivamente.  

Palavras-chave: Adubação foliar; Adubação em cobertura; Micronutrientes; Fotossíntese; Qualidade fisiológica. 

 

Resumen  

El estudio en la campaña fue realizado para investigar las respuestas de los parámetros nutricionales, fisiológicos, 

productivos y económicos del frijol común (Phaseolus vulgaris L.) después de la aplicación de fertilizante de cobre, 

en hojas y suelo. Para el ensayo se empleó un diseño de bloques completo al azar, con arreglo factorial 2x5 en seis 

repeticiones. El primer factor fue el tipo de la aplicación de fertilizante. El segundo fue los doses de cobre: 0, 1, 2, 3 y 

4 kg ha-1. Las diferencias entre medias de tratamientos fueron comparadas utilizando variancia y la prueba de F (p-

valor < 0,05) y los valores cualitativos y la regresión polinomial la prueba Scott & Knott. Las variables en estudio 

fueron: los niveles de nitrógeno y cobre en las hojas, el índice relativo de clorofila (ICR), los intercambios de gases, 

eficiencia fotoquímica de fotosistema II y el rendimiento de granos. La aplicación en suelo fue más responsiva para 

los niveles de Cu (4% y 28%) en las hojas a los 24 y 45 días después de la germinación, respectivamente. La 

fotosíntesis liquida alcanzó el índice máximo de 18,77 µmol m-2 s-1 con fertilización de Cu de 4 kg ha-1 en las hojas. 

La aplicación de 2,0 kg Cu ha-1 fue el que proporcionó los más grandes rendimientos de granos; mientras tanto, la 

aplicación en suelo ha tenido 12% más expresión que la aplicación en las hojas. La fertilización en suelo demostró ser 

más eficiente de absorción de Cu y clorofila (IRC) sobre todo a la dosis de 2 kg ha-1. Esta misma dosis proporcionó lo 

mejor gano diferencial, con cerca de US$ 581,96 ha-1 y US$ 503,01 ha-1 para la aplicación en suelo y en las hojas, 

respectivamente. 

Palabras clave: Fertilización foliar; Cubrir la fertilización; Micronutrientes; Fotosíntesis; Calidad fisiológica. 

 

1. Introduction 

Bean is one of the main crops in the world. It is widely consumed in Brazil, mainly for its nutritional characteristics 

(Oliveira et al., 2012). Species Phaseolus vulgaris L. is the most cultivated species among those of the genus Phaseolus, with 

Brazil as its largest producer and consumer. The Brazilian harvest of 2019 had a total grain production of 1.9 million tons in 

1.62 million hectares of cultivated area, with a yield of 1.20 ton ha-1 (CONAB, 2020). Goiás State stood out in this scenario 

with a grain production 230% above the Brazilian average in the 2019 harvest (CONAB, 2020). 

In Brazil, the bean crop is produced in three annual harvests with high yields, namely: “wet harvest” (1st harvest), “dry 

harvest” (2nd harvest), and “winter harvest” (3rd harvest) (Silva & Wander, 2013). In the central region of Brazil, the 3rd harvest 

(May - June) stands out for its high yield, mainly due to the adopted production system, with appropriate use of chemical 

fertilizers and irrigation practices (Flores et al., 2017; Flores et al., 2018; Flores et al., 2019), genetic breeding (Pires et al., 

2020) and pest control (Santos et al., 2020). 

The strategy to withstand stress (biotic or abiotic) is an adequate nutritional balance (Soratto et al., 2004; Flores al., 

2017; Flores et al., 2018; Mesquita et al., 2018). The bean crop is nutritionally demanding, especially in relation to 

micronutrients. Sousa and Lobato (2004) stated that the recommendation for micronutrients in Cerrado soils was limiting, 

mainly due to the lack of studies on the calibration of soil analysis methods. Furthermore, Cesar and Grando (2006) claimed 
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that micronutrients such as copper, zinc, manganese, and boron are involved in the reproductive processes of crops, being 

decisive for increasing of grain yield and quality. 

Concerning to copper usage, some authors considered levels ranging between 3 and 7 mg dm-3 as good or adequate 

(Carvalho & Fernandes, 2019). However, it is already noticed that Cu can reach 98% when it is trapped in organic matter of 

the liquid fraction of the soil (Ferreira & Cruz, 1991). Moreover, copper is bounded with high energy on soil colloids, forming 

a covalent bond between the copper-complex and the oxygen atom of the water molecule, and creating a kind of specific 

adsorption being no available to plants uptaking (Brunetto et al., 2018).  

In the plant, Cu assists in electron transport and oxidative responses (Malavolta., 2006; Hänsch & Mendel, 2009; 

Marschner, 2012), in mitochondrial respiration (Hänsch & Mendel, 2009), and in cell wall metabolism (Yruela, 2005). 

Therefore, nutrition with copper is essential (Floss, 2008) for improving productivity, mainly in crops with greater cultivation 

restrictions. Copper deficiency can reduce the activity of plastocyanin enzymes, involved in electron transport during redox 

reaction catalysis by mitochondria and chloroplasts, which are dependent on light in photosynthesis (Cakmak, 2000). 

According to (Kerbauy, 2004), the decrease in electron transport reduces the photosynthetic rate, consequently 

reducing the fixation of CO2 in the form of starch and soluble carbohydrates, leading to yield losses. Thus, adequate supply of 

copper to crops can increase yield, especially in legumes. In this context, Moreira and Moraes (2019) reported that copper 

fertilization at the dose of 4 kg ha-1 increased soybean yield by 12.5% in comparison to no fertilization. 

Adequate supply of copper for common bean cultivation may improve the physiological quality of plants and 

consequently increase grain yield. However, as it is one of the micronutrients least required by crops (Shabbir et al., 2020), its 

supply can occur through foliar fertilization, even though Cu has little mobility via phloem (Brunetto et al., 2018). Thus, the 

present study evaluates the response of common bean to soil and foliar fertilization with copper, addressing the physiological 

quality and grain yield of plants cultivated in a sprinkler irrigation system under tropical edaphoclimatic conditions. 

 

2. Methodology 

The experiment was conducted in the experimental area of the School of Agronomy of the Federal University of 

Goiás (16°35’48” S and 49° 16’63” W, approximately 730 m of altitude), with an average annual rainfall of 1494.7 mm 

(Casaroli et al., 2018). The experiment used a central pivot sprinkler irrigation system, providing a water blade of 

approximately 304 mm throughout the cultivation cycle. The study was conducted during the winter harvest (June - 

September) (Silva & Wander, 2013), a period characterized as dry, with Aw (megathermal) climate according to the Köppen 

climate classification system (Alvares et al., 2013). The climatic data referring to the period of conduction of the experiment 

were collected in the meteorological station of EA-UFG, containing monthly rainfall and monthly mean, minimum and 

maximum temperature (Figure 1). 

The soil of the area is classified either as a Latossolo Amarelo Eutrófico típico according to Santos et al. (2018), or as 

a Ferralsol according to FAO (2014). For the purposes of characterization and analysis of current fertility, soil sampling 

followed the recommendations proposed by Teixeira et al. (2017), chemical analysis followed the methodology proposed by 

Silva (2009), and granulometric analysis followed Teixeira et al. (2017), considering the 0.0-0.20 cm soil layer (Table 1). 

The soil for planting was prepared using the conventional system. For that purpose, harrowing was performed 

followed by two-disc plowings (30 cm deep) after 10 days. Planting fertilization followed the indication for the crop based on 

the initial chemical analysis, as recommended by Sousa & Lobato (2004). Thus, the following were applied in the planting 

furrow: 20 kg ha-1 N, 110 kg ha-1 P2O5, and 70 kg ha-1 K2O, in the form of urea, simple superphosphate, and potassium 

chloride, respectively. At 20 and 40 DAE, 60 kg ha-1 N as urea was applied in topdressing. 
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Figure 1.  Monthly rainfall and monthly mean temperature, from June to September 2018, at pivot of the School of Agronomy 

of the Federal University of Goiás, Goiânia, Brazil. 

 

Source: Authors. 

 

Table 1. Soil chemical attributes, at the 0.0-0.20 m depth, before the installation of the experiment. 

Depth 

0.0 – 0.20 m 

Clay Sand Silt Cu Fe Mn Zn O.M. pH 

---------------%--------------- ------------------mg dm-3----------------- g kg-1 (CaCl2) 

13.0 58.0 29.0 1.7 70.0 8.0 4.6 20 4.5 

P K Ca Mg H+Al Al CEC m V 

------mg dm-3------ -------------------------cmolc dm-3---------------------- -------%------- 

0.6 22.0 1.0 0.2 5.3 0.2 6.6 13.7 19.2 

O.M.: Organic Matter; CEC: Cation Exchange Capacity; m% and V%: Aluminum saturation and base saturation, respectively. Source: 

Authors. 

 

The experimental design was in randomized blocks, in a 2x5 factorial scheme. The first factor consisted of the site of 

application of copper-containing fertilizer (foliar and soil application), the second factor consisted of copper doses (0 (control), 

1, 2, 3, 4 kg ha-1 copper), with six replicates. Each experimental unit was composed of five 4-m rows spaced 0.45 m apart. 

The fertilizer used, both in the leaf solution and in topdressing, was copper sulfate pentahydrate (Cu2SO4.5H2O), with 

pH 3.7 - 4.5 and solubility of 50 g L-1 at 25 °C according to Da et al. (2011). 

For planting, bean seeds were inoculated by moistening with a 10% sugar solution, then a peat inoculant was applied 

containing the Rhizobium tropici strains SEMIA 4077 and SEMIA 4080 and the R. freirei strain SEMIA 4088. 

The cultivar used was BRS Estilo, with 95% germination. Planting was performed to give a population of 150,000 

plants ha-1. The seeds were previously treated with the insecticide thiamethoxam (200 g p.c. 100 kg-1). Planting took place in 

June 2018, in the 3rd harvest (winter). Manual weedings were carried out during the experiment to avoid possible phytotoxic 

effects of weeds. 

Copper was applied via topdressing and via foliar spray (with the total dose subdivided into three applications at 20, 

30, and 40 days after emergence). Both leaf and soil fertilization were subdivided so as to standardize applications and 

minimize possible phytotoxic effects that could be caused by the application of the total dose. The last portion of the copper 

dose was applied via leaf at preflowering, stage at which the plant has higher nutritional need and root absorption (Rosolem & 

Marubayashi, 1994). Foliar fertilization occurred with the aid of a 20-L back sprayer, with spray solution standardized to 200 L 
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ha-1.  

The evaluations of relative chlorophyll index (RCI) and leaf copper and nitrogen content were performed at 25 and 45 

DAE. The determination of RCI followed the indications of Barbosa Filho et al. (2008) and took place with the aid of a green 

color index meter (chlorophyll meter) (Falker®, model ClorofiLOG CFL 1030). Readings were performed in each experimental 

unit (plot), in five random plants per unit, considering the first completely expanded leaf from the apex of the main stem for 

analysis. 

Moreover, 20 diagnostic leaves (+3 Leaf - first mature leaf from the tip of the branch) (Souza et al., 2011) were 

collected per plot. Subsequently, for analysis of N and Cu contents, the plant material was washed with distilled water and 

dried in an oven with forced air circulation at 65 ± 5 °C until constant weight, according to the methodology of Silva (2009). 

The samples were analyzed at the Laboratory of Analysis of Leaves and Organic Compounds (LAFF) of the Federal 

University of Goiás (UFG). 

The physiological parameters of gas exchange and photochemical efficiency of photosystem II were evaluated using a 

LCpro-SD/iFL portable Infrared Gas Analyzer (IRGA). All evaluations were carried out concurrently, between 9:00 and 11:00 

am, under intense irradiation (Alves et al., 2012). The gas exchange parameters analyzed were net photosynthesis (A) (μmol m-

2 s-1), stomatal conductance (Gs) (mol H2O m-2 s-1), transpiration (E) (mol H2O m-2 s-1), internal CO2 concentration (Ci) (µmol 

mol-1), and stress index, represented by the photochemical efficiency of photosystem II (Fv Fm-1). 

Harvesting was done manually in all experimental units at 100 DAE. For the evaluation of yield, the two central rows 

were considered, discarding 0.5 m at each end, totalling a useful area of 0.9 m² plot-1. After harvesting, the samples were traced 

manually and cleaned with the aid of a thick sieve. The seeds were weighed for expressing yields in kg ha-1. 

Economic analysis was performed using the partial budget technique, according to Noronha (1987). The method 

calculates the effects of additional costs and revenues in relation to a baseline, providing differential profits (Dp) as an 

economic indicator, using the following equation: 

                                                                              Dp = Rd – Dc                                                                                                

Eq.1 

Where:  

Dp (US$ ha-1) = (differential yield x product price). Differential revenue, calculated from the variation of the yield 

obtained in each treatment in relation to the control, considered as baseline, multiplied by the historical record of the average 

price of common bean; 

The historical record of bean prices was obtained from prices observed in Brazil in the last 11 years (2009 - 2019), 

which were deflated to the real values in 2020 and converted into dollars, at the rate of US$ = R$ 5.08 (12/12/2020). Prices 

were obtained from the Municipal Agricultural Survey (IBEGE-PAM, 2020). 

Dc (US$ ha-1) = Differential cost was calculated directly from the price of the concentration of the product used in 

each treatment, as these were already differential in relation to the control.  

Analyses were performed in relation to the input price, resulting in the differential cost of the input and the cost of the 

product added to the operational cost of application, which subsequently resulted in the differential cost of operation. The 

operational cost of application was obtained from Román et al. (2019), who evaluated the operational efficiency of application 

for different spray volumes. This study allowed to calculate the updated value (US$ - 2020) of US$ 15.51 for three 

applications at spray volume of 100 L ha-1. Thus, it was possible to calculate from Eq.1 the differential profit (Dp) for each 

treatment in relation to the control, which was subdivided into Dpi = Differential profit of input and Dpo = Differential profit 

of operation. 

Analysis of variance was performed using the F test at 5% probability. When F values were statistically significant, 
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the means from qualitative data were compared using the Scott & Knott test at 5% probability. When significant for 

quantitative data, polynomial regression analysis was performed to demonstrate the interactions of treatments, with models 

determined by the correlation coefficient of better performance. The AgroEstat software (Barbosa & Maldonado Júnior, 2015) 

was used for all statistical analyses. 

 

3. Results 

The analyses to determine RCI, N and Cu were performed at 25 and 45 DAE (Table 2). The results demonstrate that 

the soil application of copper improves RCI and leaf Cu levels into the foliar application of copper. Leaf N content was not 

altered in the bean plants when it is compared both spraying technology. 

Similarly, RCI at 25 DAE and leaf Cu levels (at 25 and 45 DAE) were also influenced by the application of copper 

doses, regardless of application site (Table 2). The relative chlorophyll index (RCI) increased by 3% in relation to the control 

treatment, while leaf Cu levels increased to 4% (16.43 mg kg-1) and 28% (6.25 mg kg-1), respectively. 

 

Table 2. Relative Chlorophyll Index (RCI), nitrogen (N) and copper (Cu) content in common bean as a function of application 

site and copper dose. 

Treatment RCI (µg cm-2) N (g kg-1) Cu (mg kg-1) 

25 45 25 45 25 45 

Application site Days After Emergence (DAE) 

Leaf (L) 57.96 b  51.08 a  5.47 a  4.70 a  15.76 b  4.87 b   

Soil (S) 59.32 a 50.54 a  5.42 a  4.62 a  16.43 a  6.25 a   

F-test 4.35** 4.13** 0.88ns 1.52ns 6.45** 68.96* 

Copper dose (D)       

0 58.26 50.19 5.40 4.60 8.16 5.71 

1 57.80 51.45 5.49 4.78 10.91 5.40 

2 56.21 50.82 5.49 4.73 12.75 5.13 

3 60.93 50.85 5.46 4.61 18.58 5.58 

4 60.00 50.74 5.39 4.59 30.08 6.00 

F-test 6.51* 2.23ns 0.79ns 1.49ns 878.88* 3.04** 

Interaction       

F-test 50.25* 8.76ns 2.64ns 3.18ns 109.43* 2.90** 

Overall mean 58.64 50.81 5.44 4.66 16.10 5.56 

C.V. (%) 4.31 2.04 3.47 5.28 6.31 11.61 

C.V.: coefficient of variation; evaluations performed at 25 and 45 days after seedling emergence, respectively; ns, * and ** - non-significant 

at 5%, significant at 5% and 1% probability by the F test, respectively. Means followed by the same letter (lowercase) vertically do not differ 

from each other by the Scott & Knott means clustering test at 5% probability. Source: Authors. 

 

When analysing the effect of the interaction between the copper application site and the doses applied, the behavior 

was similar, influencing RCI at 25 DAE, and leaf copper contents both at 25 and 45 DAE (Table 2). After unfolding the 

interaction, the adjusted behavior is opposite when comparing the soil application with the foliar application (Figure 2). Foliar 

copper fertilization increased RCI by 19% at 25 DAE with the dose of 4 kg ha-1 in relation to the control treatment (without the 

addition of fertilizer) (Figure 2). However, although significant, the adjustment showed a correlation coefficient of only 56%. 

Soil copper fertilization, on the other hand, reduced RCI values by about 12% with the application of the highest dose in 

relation to the control treatment (Figure 2). 
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Figure 2. Relative chlorophyll index (RCI) as a function of different managements and doses of copper applied to common 

bean under fertilization. 1 evaluation performed at 25 DAE. * - significant at 5% probability by the F-test. 

 

Source: Authors. 

 

When unfolding the interaction between copper content and the doses applied at 25 DAE, it appears that foliar 

fertilization promoted a linear increase in Cu content up to the dose of 4 kg ha-1, reaching 24.66 mg kg-1, that is, an increase of 

202% in relation to the control treatment (Figure 3a). Similarly, leaf Cu content also increased with soil application, but with 

quadratic adjustment, with the maximum value (34.5 mg kg-1) also occurring with the application of the highest dose (Figure 

3a). 

In the evaluation performed at 45 DAE, the interaction presented by both forms of Cu application had quadratic 

adjustment, with the maximum contents occurring with the application of the highest dose: 5.34 and 6.72 mg kg -1 for foliar and 

soil application, respectively (Figure 3b). 

The physiological parameters of gas exchange (transpiration - E; stomatal conductance - Gs; net photosynthesis - A; 

internal CO2 concentration - Ci; and photochemical efficiency of photosystem II – Fv Fm-1) evaluated for common beans at 45 

DAE are presented in Table 3. 

From the evaluation of gas exchange in common bean, physiological quality was assessed at 45 DAE, that is, five 

days after the last foliar application of copper. The transpiration rate and the net photosynthetic rate were higher with foliar 

application of copper, being 66% and 29% higher in relation to soil application, respectively (Table 3). 

Regardless of application site, copper significantly increased transpiration rates, stomatal conductance, net 

photosynthetic rate, and photochemical efficiency of photosystem II, as shown in Table 3. The interaction between application 

site and copper dose did not affect the transpiration rate. Therefore, the effect of copper application on transpiration in Figure 4 

is presented regardless of application site. The figure shows an upward trend, in which transpiration rates increased by about 

95% with the increase in Cu doses. 
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Figure 3. Leaf copper (Cu) content at 25 DAE (a) and 45 DAE (b) in common bean as a function of different managements 

and doses of copper. 1 and 2 evaluations performed at 25 and 45 DAE, respectively. * and ** - significant at 5% and 1% 

probability by the F-test, respectively. 

 

 

Source: Authors. 
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Table 3. Transpiration (E), stomatal conductance (Gs), net photosynthesis (A), internal CO2 concentration (Ci), photochemical 

efficiency of photosystem II (Fv Fm-1), and grain yield as a function of different managements and doses of copper applied to 

common bean. 

Treatment E Gs A Ci Fv Fm-1 Yield 

Application site mol m-2 s-1 mol m-² s-1 µmol m-2 s-1 µmol mol-1 - kg ha-1 

Leaf (L) 8.42 a 0.27 a 14.79 a 270.10 a 0.77a 1336.32b 

Soil (S)  5.06 b 0.28 a 11.45 b 276.57 a 0.77a 1468.15a 

F-test 309.55* 0.16ns 109.20* 0.53ns 1.93ns 31.37* 

Copper dose (D)       

0 4.83 0.20 7.01 287.00 0.75 1050.98 

1 5.61 0.26 15.37 246.62 0.77 1446.34 

2 6.90 0.30 16.41 261.25 0.78 1964.33 

3 7.18 0.29 16.44 261.50 0.79 1383.77 

4 9.17 0.33 10.38 310.31 0.75 1165.77 

F-test 60.77* 13.86* 139.96* 6.52ns 23.53* 179.66* 

Interaction       

F-test 1.78ns 7.24* 20.93* 0.20ns 7.63* 25.60* 

Overall Mean 6.74 0.28 13.12 273.33 0.77 1,402.24 

C.V. (%) 8.95 13.29 7.72 10.24 1.25 6.50 

C.V.: coefficient of variation; - evaluations performed 45 days after seedling emergence; ns and * - non-significant at 5%, significant at 5% 

probability by the F test, respectively. Means followed by the same letter (lowercase) vertically do not differ from each other by the Scott & 

Knott means clustering test at 5% probability. Source: Authors. 

 

Figure 4. Transpiration (E) of common bean as a function of different doses of copper, regardless of fertilization management. 

* - significant at 5% probability by the F-test. 

 

Source: Authors. 

 

The analysis of the interactions between application site and copper dose showed significant effects on stomatal 

conductance, net photosynthetic rate, and photochemical efficiency of photosystem II (Table 3). 
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Figure 5. Stomatal conductance (Gs) (a), net photosynthesis (A) (b), and photochemical efficiency of photosystem II (Fv Fm -1) 

(c) of common bean as a function of different managements and doses of copper * - significant at 5% probability by the F-test. 

 

 

 

Source: Authors. 
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Cu application promoted a quadratic adjustment for the stomatal conductance of bean plants, with a maximum of 0.34 

mol of H2O m-2 s-1 with foliar application of 3.25 kg ha-1 Cu, while the maximum for soil application was 0.33 mol of H2O m-2 

s-1, with 4 kg ha-1 Cu (Figure 5a). 

Regarding the net photosynthetic rate, both adjustments were quadratic, but with different maximum points depending 

on the copper application site (Figure 5b). The highest net photosynthetic rate occurred with the application of 2.03 and 3.86 

kg ha-1 Cu, reaching to 18.28 and 16.37 µmol m-2 s-1 with foliar and soil application, respectively (Figure 5b). 

The photochemical efficiency of photosystem II has similar quadratic adjustments between the forms of application of 

copper, with the doses of 0.53 and 0.1 kg ha-1 copper providing the highest rates, 0.73 and 0.75, with soil and foliar 

application, respectively (Figure 5c). 

Soil fertilization leads to the highest grain yields in common bean, regardless of copper dose, being on average 12% 

higher than those obtained with foliar fertilization (Table 4). The analysis of the effect of the interaction between application 

site and copper dose shows quadratic adjustments in both situations, in which the foliar and soil application of 2.07 and 2.00 kg 

ha-1 copper, respectively, lead to the highest yields, reaching 1661.69 and 1858.03 kg ha-1 (Figure 6). 

 

Figure 6. Common bean grain yield as a function of different managements and doses of copper. * - significant at 5% 

probability by the F-test. 

 

Source: Authors. 

 

Figure 7 shows the results of differential profits for soil and foliar application of Cu in relation to the doses applied. 

We note that soil application of Cu provided positive differential profits for all doses a, with the dose of 2 kg Cu ha -1 providing 

the greatest return, US$ 581.96 ha-1. However, when we evaluated the effect of foliar Cu application on differential profit, we 

observed that only the doses of 2 and 3 kg Cu ha-1 provided positive increases, with the dose of 2 kg Cu ha-1 providing the best 

differential profit, US$ 487.50 ha-1. 
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Figure 7. Economic analysis of common bean as a function of different managements and doses of copper. 

 

Source: Authors. 

 

4. Discussion 

Although the literature shows high copper use efficiency through foliar fertilization for bean crop (Karamanos et al., 

2004; Hummes et al., 2019), the present study demonstrates the opposite. In this case, copper had a high affinity to adsorb into 

soil particles, and then become unavailable to plants uptaking. Yruela (2005) explained that pH is the key point due to Cu 

dependence to be available and mobile. The same authors’ speeches are based on the acidity which tends to dissolve copper 

and decrease the strength of ion binding to colloids. Furthermore, according to Boone et al. (2012), the copper source used 

(Cu2SO4·5H2O) in this present study is highly soluble, especially in an acidic medium (Justel et al., 2015). 

The physicochemical characterization of the soil in the present study points to high sand content and high acidity 

(Table 1). This means less capacity of copper fixation in the clay minerals of the soil, improving nutrient availability in the soil 

solution and thus facilitating its absorption by plants. Copper uptake by plants occurs preferably via mass flow (Prado, 2008); 

however, root interception can also occur (Chen et al., 2005; Chaves et al., 2010; Brunetto et al., 2016). Therefore, copper 

application close to the roots may favor absorption, making it more efficient (Chaves et al., 2010; Sun et al., 2019). According 

to Kempers (1989), metallic elements such as copper can also be transported in the soil through a phenomenon known as 

diffusion, which is influenced by a concentration gradient in the soil. The splitting of soil copper fertilization can increase the 

ion-root contact by maintaining Cu concentration in the rhizosphere during the entire growing season, reflecting the increase in 

the leaf Cu content of plants, as occurred in the present study (Table 2) at 25 DAE. 

In the present study, all the aforementioned factors that favor copper absorption improved grain yield due to the 

increase in Cu absorption capacity. Thus, grain yield reached a maximum point close to that indicated in the literature, that is, 2 

kg ha-1 (Karamanos et al., 2004; Chen et al., 2005; Chaves et al., 2010; Lange et al., 2016; Sun et al., 2019; Zabotto et al., 

2020). 

The evaluation of the N content in the plant becomes a good indicator to understand the greater or lesser absorption of 

Cu by the plant. High levels of soil nitrogen can limit Cu absorption by plants, especially when the doses are greater than 100 

kg ha-1 N. In this case, plants are likely to prioritize the absorption of N over Cu, in addition to delaying the redistribution of 

Cu (which is already slow) from the older leaves to the growing points. Moreover, plants can also fix Cu in protein compounds 
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in the roots, contributing to its low availability for the plant (Singh et al., 2016). The results show the lack of a pronounced 

effect in this regard since N levels in the plant changed depending on the greater or lesser supply of Cu to the soil. 

In the present study, copper fertilization did not affect leaf nitrogen levels in common bean, even with the application 

of 80 kg ha-1 N for cultivation. Corroborating this behavior, soil fertilization led to higher levels of Cu in the plant, mainly in 

the evaluation carried out at 25 DAE. This fertilization also reduced RCI values with increasing Cu doses, as can be seen in 

Figure 2. Studies by Xiong et al. (2006) point out that Cu negatively affects N levels in plants, which may reduce leaf 

chlorophyll content. Eser and Aydemir, (2016) report that the decline in the relative chlorophyll index of plants subjected to 

stress caused by Cu toxicity can be attributed to the dampened activity of protochlorophyllide reductase, which contributes to 

the synthesis of chlorophyll and to the increase in chlorophyllase activity, enzyme that degrades chlorophyll molecules 

(Gadallah & El-Enany, 1999). 

Even though initially having 1.7 mg dm-3 Cu in the arable layer of soil (0-20 cm deep) (Table 1) and providing up to 4 

kg ha-1 Cu, the absorption of the nutrient occurred with a quadratic adjustment. This indicates the possible occupation of Cu up 

to the limit of availability of its loads in the sites of binding to the soil colloids, making the exchangeable fraction of the 

element subject to root absorption and/or element loss in the system by leaching (Ceretta et al., 2010). According to (Singh et 

al., 2016), both sandy and clayey soils may show Cu deficiency. However, this deficiency takes place by different 

mechanisms: by leaching in sandy soils and by adsorption in clayey soils. In addition to granulometry, the organic matter 

content, the pH, and high levels of phosphorus and nitrogen can influence copper availability for plants. Similarly, Fageria et 

al. (2008) also observed increases in leaf copper content with increasing rates of Cu supply to the soil, corroborating the 

present study. 

According to Grohskopf et al. (2016), Cu accumulation in the leaf tissues of beans directly depends on the availability 

of this nutrient in the soil. In this sense, organic matter (O.M.) stands out as the main source of copper in the soil, as it has a 

greater specific surface, with negative net charge, being able to form organic chelates (Plaza et al., 2013). According to Nóvoa-

Muñoz et al. (2008), soils with low and medium levels of O.M. (< 25 mg kg-1) require the application of higher doses of this 

micronutrient since it is stored in low quantities and can even be fixed to clay minerals of the soil, being retained and not 

available to plants. Therefore, the maintenance of adequate levels of organic matter in the soil becomes important, as it favors 

the predominance of the exchangeable fraction of the element. 

All of these factors that hinder greater efficiency in copper supply to plants from soil fertilization have driven studies 

and the adoption of foliar fertilization practices, especially with micronutrients such as copper. With the direct application of 

nutrient-containing fertilizers to the leaves, the nutrients are deposited in the leaf blade and then pass through the cuticle, a 

structurally complex waxy layer, reaching the interior of the plant cell. When studying the absorption of urea and glucose, 

Schönherr (2006) concluded that liquids can penetrate through cuticular pores up to 0.9 nm in diameter. 

Similarly, Cu levels in the leaf tissues also increased with the greater supply of Cu to the plants, even in the evaluation 

performed at 45 DAE. Notwithstanding, this evaluation showed lower concentrations in relation to the those obtained at 25 

DAE. Some factors help to explain this behavior, the first being the effect of dilution, since the absorption rate may have 

decreased with the advance in the crop cycle and, as a second effect, the possible redistribution of Cu from old leaves (sources) 

to young and reproductive parts (drains), even with the restricted mobility of Cu. 

According to Ribeiro et al. (2012), the bean crop has good copper absorption capacity and can redistribute this 

element to the grains, even if it is present at low amounts in the soil. The authors mention the export of 9.80 mg kg -1 to the 

grains in a treatment without Cu supply and with an initial content of 1.5 mg dm-3. It is noteworthy that the highest levels of Cu 

were obtained with the soil application of this nutrient, indicating greater efficiency in its use by plants in relation to foliar 

application. Other studies also reported this behavior (Chen et al., 2005; Nóvoa-Muñoz et al., 2008; Chaves et al., 2010; 
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Brunetto et al., 2016; Grohskopf et al., 2016; Lange et al., 2016). 

Transpiration (E) in plants is indicative of physiological stress (Hasanuzzaman et al., 2017; Medina et al., 2019) and 

can be considered a mechanism of resistance to copper absorption (Fu et al., 2015). Fu et al. (2015) report that this resistance 

may be one explanation for the effect of copper doses on the transpiration parameter in common bean. Foliar Cu application 

increased transpiration rates in comparison to treatments with soil application of the element (Table 3). However, regardless of 

the site of copper application to plants, the increase in copper supply increased the transpiration rates of common bean (Figure 

4), indicating stress induction at high doses of the element, as reported by Fu et al. (2015); Chandra and Kang (2016); 

Rucińska-Sobkowiak (2016). 

Physiological parameters correlate with each other (Reddy & Zhao, 2005; Chandra & Kang, 2016; Rucińska-

Sobkowiak, 2016; Mathobo et al., 2017; Flores et al., 2019). This effect is evident in the present study, especially with foliar 

Cu application (Figure 5), in which the behavior of the physbiological variables (Gs, A, and Fv Fm-1) was similar. There are 

indications that the amount of copper applied (4 kg ha-1) exceeds the requirements of the plants, causing stress due to the high 

absorption rate. The increase in transpiration rate increases water loss to the atmosphere in plants that receive high doses of Cu 

via soil, mainly due to the increase in stomatal conductance (Paula et al., 2015). 

In general, the results obtained suggest the Cu dose close to 2 kg ha-1 as a limit to the onset of plant stress in soils with 

1.7 mg dm-3 Cu. Some studies indicate that this limit is tenuous, after which the nutrient starts to be toxic to plant metabolism 

(Yruela, 2005; Fu et al., 2015; Chandra & Kang, 2016). Stomata are the main route of gas exchange between the atmosphere 

and the interior of the photosynthetic apparatus, which makes their monitoring of great importance to understand the 

physiological processes of plants (Amaral et al., 2006). 

Studies indicate that the permeability of cuticles to ions from foliar fertilization depends on abiotic factors similar to 

stomatal uptake. Moreira and Moraes (2019) suggest that stomata and cuticles play an important role in nutrient absorption; 

however, stomatal penetration appears to be more complex and depends on more abiotic factors than cuticular penetration. 

Thus, under natural conditions, stomatal penetration is slower than cuticular penetration. Copper fertilization increased 

stomatal conductance, regardless of application site; notwithstanding, foliar fertilization was more efficient in this regard. 

Copper increased the net photosynthetic rate regardless of application site. This effect is due to the fact that copper 

indirectly correlates with photosynthesis, as it participates in the activation and formation of several enzymes (Cakmak, 2000; 

Kerbauy, 2004; Hänsch & Mendel, 2009; Marschner, 2012). Some important enzymes dependent on copper metabolism are 

plastocyanin, which acts during photosynthesis as an electron donor for the chlorophyll reaction center of photosystem I, and 

cytochrome oxidase, which participates in the respiratory electron transport chain (Hänsch & Mendel, 2009). Uribe & Stark 

(1982) found that Cu2+ deficiency affects the reactions of chloroplasts by restricting electron transport, consequently altering 

the essential factor in energy transfer from photosynthesis. According to Malavolta (2006); Hänsch and Mendel (2009); 

Marschner (2012), Cu mainly affects photosynthetic electron flow, respiration, symbiotic nitrogen fixation, and N and S 

assimilation by plants, whether in electron transport or as an enzyme activator. 

The results presented in Table 3 demonstrate that both the soil and foliar fertilization of common bean, regardless of 

the fertilizer dose applied, did not influence Fv Fm-1, which averaged 0.77 for both cases. However, the interaction between the 

application site and the applied doses demonstrates that soil fertilization reaches a minimum Fv Fm-1 of 0.73 when applied via 

leaf, with a subsequent increase with increasing doses until reaching 0.79 (Figure 5c). Moreover, soil copper fertilization 

increases the photochemical efficiency of photosystem II with quadratic adjustment until reaching 0.79 with the application of 

the highest dose. The photochemical efficiency of photosystem II (Fv Fm-1) indicates whether the plant is experiencing any 

type of stress; therefore, its increase indicates a better use and conversion of light energy (Casierra-Posada et al., 2011). The 

proportion of open reaction centers of photosystem II comprises the quantum energy in the process of conversion to chemical 
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energy, which reflects the photosynthetic efficiency and the light use efficiency of the plant (Mathobo et al., 2017). When 

plants are subjected to environmental stresses, the Fv Fm-1 ratio can vary in a range below 0.75. When the photosynthetic 

apparatus is intact, the values vary between 0.75 and 0.85 in plants under optimal environmental conditions (Suassuna et al., 

2010; Silva et al., 2015). Thus, based on the results obtained for Fv Fm-1, the application of copper as copper sulphate 

improved the resistance of common bean to photoinhibitory stress. 

The application of high Cu concentrations negatively affects plant growth. In this situation, plants show fewer leaves, 

lower chlorophyll content, and shorter roots, which consequently reduce biomass and grain yield (Xiong et al., 2006). High soil 

Cu concentrations significantly reduce plant and crop yield (Rizwan et al., 2016), and Cu toxicity affects mainly root growth 

and morphology, since this element is absorbed and accumulated in the roots, being hardly translocated to the shoots of plants 

(Rehman et al., 2019). Figure 2 shows that, for both forms of fertilization, copper doses higher than 2 kg ha-1 are harmful to 

common bean yield. Nonetheless, Cu toxicity did not lead to visual symptoms in common bean, both with soil and foliar 

application up to 4.00 kg ha-1. 

In cereals, Cu deficiency is popularly known as white tip disease since it causes chlorosis in the youngest parts of the 

plants. Its deficiency also causes male sterility, delay in flowering, and grain yield loss (Singh et al., 2016). Thus, adequate 

supply of copper to plants improves grain yield, as occurred in the present study (Figure 6). In addition to the metabolic effects 

triggered by the presence of Cu2+ in plants, the micronutrient is also used in leaf solutions to combat fungal and bacterial 

diseases, contributing to plant resistance against biotic stress (Sonmez et al., 2006; Cumplido-Nájera et al., 2019). 

Studies on copper fertilization showed a 62% increase in wheat yield with the application of 1.5 mg kg -1 copper via 

soil (Kumar et al., 2009). Moreira and Moraes (2019) demonstrated that fertilization with 4 kg ha-1 copper increased soybean 

yield by 12.5% in comparison to control treatments (without copper-containing fertilizer). These results corroborate the present 

study (Figure 6), presenting increases in grain yield up to the dose of 2 kg ha-1, regardless of application site. It is noteworthy 

that the soil application of copper increased grain yield in relation to foliar application. 

The physiological apparatus of plants behaved as a function of grain yield due to the lower physiological stress of gas 

exchange (Figure 5). Stressed plants significantly increase the production of reactive oxygen species (ROS), including 

hydrogen peroxide (H2O2) (Hu et al., 2009), and their accumulation can be toxic to plants. Hydrogen peroxide is the main 

reactive oxygen species, which activates molecules for the induction of defence genes. This ROS is also involved in the 

polymerization of proteins that make up the cell wall and in the stimulus for the production of antioxidative enzymes (Łukasik 

et al., 2012). Due to its redox nature, Cu increases the generation of H2O2 which, in addition to the aforementioned functions, 

is a molecule that can modulate plant growth and development (Nazir et al., 2019). This molecule also activates the tolerance 

of plants to stress conditions (Zhou et al., 2018), improves photosynthetic activity (Khan et al., 2016; Noctor et al., 2018), and 

increases stomatal conductance (Deng et al., 2012; Y. Ma & Niu, 2017). These effects resulting from the good copper nutrition 

of plants can increase crop yield, as occurred in the present study (Figure 6). 

When performing economic analysis in relation to soil and foliar application of Cu for the common bean crop, we 

observe that, when we use soil application, all doses provide positive differential profit, with the highest (US$ 581.96 ha-1) 

being obtained with use of 2 kg Cu ha-1. However, when evaluating the effect of foliar Cu application for the common bean 

crop, the doses of 2 and 3 kg Cu ha-1 were only that provided financial return, with the dose of 2 kg ha-1 providing the highest 

differential profit, approximately US$ 487.50 ha-1 (Figure 7).  

Regarding sprays for nutrient supply, inclusion in operating costs is necessary, and in the present study, the value 

spent on each spray increased production costs of common beans in US$ 15.51 ha-1, having as reference the prices practiced in 

2020. In production systems of the third crop seasons (with irrigation) of common beans that have high technology, it is 

common to use agricultural pesticides to fight pests and diseases (Miorini et al., 2017; Teixeira et al., 2019), besides foliar 
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fertilization, a growing practice in recent years (Xiaoli et al., 2020). 

The Cu source used in the present study can be associated with other foliar fertilizers and/or pesticides (Ma et al., 

2011), which can reduce operational costs of application (US$ 15.51 ha-1), providing feasible gains by foliar Cu application of 

doses of 2 and 3 kg ha-1, with differential profits of US$ 503.01 and 62.03 per hectare, respectively, without the additional cost 

of spraying. However, we highlight that soil Cu application provides the best financial return, reaching US$ 581.96 ha-1 with 

use of 2 kg Cu ha-1. 

 

5. Conclusion 

Soil copper application is more efficient regarding the nutrient absorption and use by the plant, leading to grain yield 

increases of 12% in relation to foliar application, regardless of the applied dose. 

The dose of 2 kg ha-1 Cu promotes the best net photosynthetic rate and grain yield in common bean. With the foliar 

and soil application of copper at this dose, grain yield reached about 1,660 and 1,858 kg ha-1, respectively. 

The dose of 2 kg Cu ha-1 provided the best differential profit, reaching US$ 581.96 ha-1 and US$ 503.01 ha-1 for soil 

and foliar application, respectively.  
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