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Nickel (Ni) is an essential micronutrient required for plants' metabolism due to its role as a structural component of urease and hydrogenase, which in turn perform nitrogen (N) metabolism in many legume species. Seed treatment with cobalt, molybdenum and Bradyrhizobium strains has been widely practiced to improve crops. Additionally, seed treatment together with Ni fertilization of soybean might improve the efficiency of biological nitrogen fixation (BNF), boosting grain dry matter yield, and N content. The objective of this study was to evaluate the effect of soybean seed treatment with Ni rates (0, 45, 90, 135, 180, 360, and 540 mg kg−1) on BNF, directly by the 15N natural abundance method (δ15N‰) and by measurement of urease [E.C. 3.5.1.5] activity, as well as indirectly by nitrogenase (N-ase) activity [E.C. 1.18.6.1]. Soybean plants (cultivar BMX Potência RR) were grown in a sandy soil up to the R7 developmental stage (grain maturity), at which point the nutrient content in the leaves, chlorophyll content, urease, and N-ase activities, Ni and N content in the grains, nodulation (at R1—flowering stage), as well as the contribution of biological nitrogen fixation (BNF; δ15N ‰) were evaluated. The proportion of N derived from N2 fixation varied from 77 to 99% using the natural 15N abundance method and non-nodulating Panicum miliaceum and Phalaris canariensis as references. A Ni rate of 45 mg kg−1 increased BNF by 12% compared to the control. The increased N uptake in the grains was closely correlated with chlorophyll content in the leaves, urease, and N-ase activities, as well as with nodulation. Grain dry matter yield and aerial part dry matter yield increased, respectively, by 84 and 51% in relation to the control plants at 45 mg kg−1 Ni via seed treatment. Despite, Ni concentration was increased with Ni-seed treatment, Ni rates higher than 135 mg kg−1 promoted negative effects on plant growth and yield. In these experimental conditions, seed treatment with low Ni rates caused higher dry matter yield of plants and grains, N content in the grains, and in the aerial part by increasing of BNF.
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INTRODUCTION

In its 10th Brazilian grain harvest survey, The Brazilian Company Supply (Companhia Nacional de Abastecimento (Conab), 2014) estimated the country's harvest in the 2014–2015 growing season at 206.3 million metric tons, produced by a tilled area of 57.5 million hectares. After the harvest was finished, the nation's soybean production set a new record, at 96.2 million tons, from 31.9 million hectares, with average yield of 3016 kg ha−1. The conduction of basic and applied research and application of new technologies in recent decades has allowed adaptation of soybean to virtually all regions of the country, from the state of Rio Grande do Sul in the south to the tropical equatorial latitudes in the north. The expansion of soybean growing in Brazil has always been closely associated with scientific advances and the availability of new technologies, the highlights being genetic gains provided by various improvement programs, better chemical management of tropical soils, improved plant nutrition, increase of no-till farming methods, development of more efficient chemicals to protect crops from pests, diseases and weeds, and the offer of seeds with better physiological and phytosanitary quality (Alves et al., 2003; Sentelhas et al., 2015).

In the area of plant nutrition, important progress has been made to improve the interaction of soybean plants with bacteria belonging to the Bradyrhizobium genus, which are highly efficient in promoting BNF. Through infection of the root system, they form nodules within which the bradyrhizobia reduce N2 to NH3 (Cadisch et al., 2000; González-Guerrero et al., 2014). Biologic nitrogen fixation (BNF) is one of the most effective alternatives to reduce overuse of nitrogen fertilizers for improving plant nutrition as well as to reduce environmental impacts (Jensen and Hauggaard-Nielsen, 2003; Campo et al., 2009).

Nitrogen (N) is the nutrient required in greatest quantity by soybean plants, with grain concentrations ranging from 45 to 65 g kg−1. To achieve average yield of 3000 kg ha−1, it is estimated that application of 240 kg ha−1 of N is necessary (Alves et al., 2003). In Brazil, it has been estimated that rates of N2 fixation in soybean can exceed 300 kg of N ha−1, providing up to 94% of total plant N (Hungria et al., 2005, 2006). Therefore, good BNF is fundamental to supply the N demand, so improvements in this respect have been a huge boon to Brazilian farmers due to savings on nitrogen fertilizers, which cost between US$ 15.5 and US$ 18.0 billion a year—depending on the exchange rate and the unit fertilizer price—(Hungria et al., 2005, 2006). In leguminous plants, metal cofactors are required by the endosymbiotic rhizobia located in the cortical cells of the root system (González-Guerrero et al., 2014). However, the low availability of cationic micronutrients like Cu2+, Fe2+, Mn2+, and Ni2+, especially in tropical Oxisols that have received excessive lime doses, can result in nutritional disorders (e.g., deficiency induced by Mn and Fe in soils in Cerrado regions), reducing the nitrogen fixation capacity (Fageria and Stone, 2008).

At the core of this process are a number of metalloproteins that catalyze and provide energy for the conversion of atmospheric N2 to ammonia, eliminate free radicals produced by this process, and create the microaerobic conditions required by these reactions (González-Guerrero et al., 2014). Among molybdenum (Mo), cobalt (Co), and iron (Fe), another micronutrient that is important in the BNF process is nickel (Ni), which is involved in the expression and biosynthesis of hydrogenase (Klucas et al., 1983). Studies indicate that the level of hydrogenase activity can be limited in agricultural soils due to low Ni availability (< 0.2 mg kg−1, extracted by DTPA). Low levels of available Ni in the soil affect the hydrogenase activity, which can be remediated by application of 10 mg dm−3 of Ni (Ureta et al., 2005). However, it has been pointed out in the literature that Ni requirement in all plants vary and it depends on plant species and varieties (Seregin and Kozhevnikova, 2006).

Despite plants' requirement for Ni and the demonstration that it is essential by various authors, there is no official recommendation of nickel rate for treatment of soybean seeds. Normally the treatment of seeds with micronutrients has been done with the goal of enhancing BNF, and in this respect, minimum rates of Mo and Co have already been defined by researchers and are widely applied by farmers. Besides, in Brazil, the law that controls fertilizers trade included Ni on the list of micronutrients in which Ni was designed for application to soil, seeds, or foliar. However, experiments are still necessary to define the Ni rates for treatment of soybean seeds.

In fact, very little research has been done about the influence of Ni on the symbiotic system of BNF. Therefore, this study evaluated the effect of adding Ni, through treatment of soybean seeds, on the BNF (directly by the 15N natural abundance method δ15N‰), quantities of Ni in the plants, urease and nitrogenase activities (indirectly methods) and production of biomass by the roots, aerial parts, and grains.

MATERIALS AND METHODS

The experiment was conducted in February to June 2014, in a greenhouse in the research area of the Department of Biosystems Engineering of Luiz de Queiroz Superior School of Agriculture (ESALQ), part of the University of São Paulo (USP). The soil for the experiment, classified as Red-Yellow Latosol (Oxisol; Embrapa, 2006), was collected from the surface layer (0–20 cm) of a cultivated area in the municipality of Piracicaba, São Paulo state. The texture was sandy, with 160 g kg−1 of clay, 20 g kg−1 of silt, and 820 g kg−1 of sand, of which 550 (g kg−1) was fine sand and 270 (g kg−1) was coarse sand. The chemical characteristics are presented in Table 1.

Table 1. Soil chemistry analysis of Red-Yellow Latosol (Oxisol) before soybean sowing (beginning of the experiment).
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The species grown was Glycine max (L.) Merrill, cultivar BMX Potência RR. This genotype is one of the most widely planted in Brazil, and presents indeterminate growth habit, early cycle, and maturity group number 6.7. The experiment started on February 17, 2014 and the plants were harvested at the end of the reproductive cycle, corresponding to reproductive phenological stage of fruit and seed ripening—(R7; Fehr et al., 1971).

The plants were grown in plastic pots with capacity of 3.0 dm3 of soil, with two plants per pot. The soil utilized had not been previously cultivated with legumes. This fact, along with the previous experience of the student research assistants in experiments with soybean plants in the same greenhouse (who reported difficulty in initial development of the plants due to lack of N), caused the decision to assure initial supply of all the treatments with a small dose of N-urea (10 mg dm−3), equivalent to a rate of 20 kg ha−1, to supply the needs for initial development of the plants (Hatfield et al., 1974; Pierozan et al., 2015). The dose of K, in the form of K2SO4, was 150 mg dm−3, applied at the time of sowing, and later as top dressing during phenological stages V1 and V5 (first and fifth leaflet appearance, respectively; Fehr et al., 1971). The P rate, in the form of Ca(H2PO4)2 ° H2O, was 200 mg dm−3. The micronutrients (mg dm−3: 0.5 of B—as boric acid; 2.0 of Fe—as EDTA; 1.0 of Cu; 5.0 of Mn, and 5.0 of Zn, as zinc sulfate), were applied the day before planting. The seeds (1 kg of cultivar BMX Potência RR) were treated with a sugared solution containing molybdenum and cobalt, at rates of 450 and 45 mg kg−1, respectively, followed by application of Ni for each treatment, at rates of 0, 45, 90, 135, 180, 360, and 540 mg kg−1 of seeds—it corresponds to 0, 2.5, 5.0, 7.5, 10, 20, and 30 g per hectare -, in the form of nickel sulfate. The solution had been previously fortified with 2.0 mL kg−1 of the commercial liquid products “Semia 5019” and “Semia 5079,” which contain strains of Bradyrhizobium elkanii and Bradyrhizobium japonicum, respectively. Afterward, the seeds were moistened with the sugared solution at 10%, with the addition of 6.0 mL of solution to the total volume of treated seeds (1 kg), with the objective of improving the adherence of the inoculant on the seeds (Embrapa, 2011). The seeds were treated early in the morning and then were sown at a depth of 2.0 cm in the pots. The remaining treated seeds not planted were discarded in a suitable place. No fungicide or insecticide was added at the time of seed treatment. The soil moisture was corrected during the experiment to keep it at 60% of maximum water retention capacity.

The plants were harvested at phonological reproductive stage of fruit and seed ripening (R7; Fehr et al., 1971). Two species of were grown in the same soil in the greenhouse that were not atmospheric nitrogen fixers—common millet (P. miliaceum) and canary grass (P. canariensis)—to serve as reference to indicate enrichment of 15N available in the soil (Peoples et al., 1989; Boddey et al., 2001; Brito et al., 2009; Urquiaga et al., 2012).

The experimental design was fully randomized, with seven treatments (Ni rates) and eight repetitions, four conducted only until the reproductive phenological stage of inflorescence emergence—(R1; Fehr et al., 1971), when some of the plants were harvested to evaluate the nodular development of the root system and enzyme activity of nitrogenase and urease. The rest of the plants were maintained until the phonological reproductive stage of fruit and seed ripening (R7; Fehr et al., 1971), to measure the dry weight of the roots, aerial parts and grains. Each pot with two plants was an experimental unit. The pots were arranged on a bench raised 10 cm from the floor.

The leaves used for diagnosis of the concentrations of nutrients (third or fourth leaf from the tip of the main stem with petiole) were collected at reproductive phenological stage of inflorescence emergence—(R1; Fehr et al., 1971), about 45 days after emergence of the plantlets. The material was placed in labeled paper bags and dried in an oven at 65°C for 72 h and then weighed on a precision scale. The dried material was ground in a Wiley mill, passed through a sieve with mesh of 1 mm and sent to the laboratory for measurement of the concentrations of macro and micronutrients, according to the method described by Malavolta et al. (1997).

As of the start of senescence (R3–R4; Fehr et al., 1971), the fallen leaves were collected and weighed to determine the final dry weight and also were submitted to chemical analysis. About 105 days after planting (reproductive phenological stage R7), the plants were harvested and separated into two portions, the grains and remaining aerial part (stems, pods, green, and dead leaves), for subsequent nutrient concentration tests. The chlorophyll in the leaves was quantified nondestructively with a portable SPAD 502 chlorophyll meter (Minolta, Japan). The readings were taken using the middle third of the diagnostic plants in phenological stage R1, and the average was computed of 30 readings per plant.

The BNF was quantified by the technique of natural abundance of 15N (Shearer and Kohl, 1986; Cadisch et al., 2000). This technique is based on the fact that generally the N in the soil is slightly richer in the isotope 15N in comparison with the N2 in the air (Shearer and Kohl, 1986; Cadisch et al., 2000). The N from the air contains about 0.3663% 15N and the rest (99.6337%) is 14N (Boddey et al., 2001). However, due to the isotopic discrimination that occurs during the transformations of nitrogen in the soil-plant system, both can present 15N values that are slightly higher than found in the atmosphere. These variations are extremely small, so that each unit of delta 15N is considered to have natural abundance divided by one thousand, i.e., 0.0003663 atom % of 15N in excess (Shearer and Kohl, 1986; Cadisch et al., 2000). Species able to obtain most of the N necessary for their nutrition will have δ15N values very near zero, since the largest part of the N will come from the air, which is the standard of the technique and contains 0.3663% 15N, meaning zero excess units of δ15N (Shearer and Kohl, 1986; Cadisch et al., 2000; Boddey et al., 2001). On the other hand, non-fixing N species (control plants) grown in the same soil will have higher δ15N values, near those in the soil, since all or most of the N necessary for their development will be derived from the soil. Like other isotopic techniques, this one depends on the basic premise that fixing and non-fixing plants, grown in the same soil, absorb N with the same marking with 15N (Shearer and Kohl, 1986; Boddey et al., 2001; Guimaraes et al., 2008). This limitation was overcome by selecting reference species with root development and N demand similar to soybean. The proportion of N in the plants that can fix N2 from the air by the BNF process was calculated by the equation of Shearer and Kohl (1986):
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Where:

[image: image]

δ15N reference = natural abundance of 15N in the reference plant (non-fixer of N);

δ15N soy = natural abundance of 15N in soybean plants.

B = fractional contribution of 15N in relation to 14N by the soybean plants in absorbing N from the soil. In this experiment, we used the average value of −1.17‰based on the data obtained by Guimaraes et al. (2008). Subsamples of dried and ground material sampled were analyzed for %N and δ15N in an automated mass spectrometer coupled to an ANCA-GSL N analyzer (Sercon Co., UK). The total N concentrations and 15N/14N isotope ratio were calculated according to the method of Barrie and Prosser (1996).

The fresh tissue samples were collected in the morning (around 8:00 a.m.), placed in plastic bags and then in polystyrene foam boxes to maintain the temperature and enzyme activity low. These samples consisted of the leaves used for foliar diagnosis of chlorophyll content, collected at stage R1. The urease activity in vivo was measured by an adaptation of the methods described by Hogan et al. (1983). The plant material (200 mg of green leaves, cut into “slices” with width of 1 mm) were placed in a medium of 8 mL of NaH2PO4 buffer with urea pH 7.4 and incubated for 3 h at 30°C, protected from light in aluminum foil and kept under constant agitation. In a test tube containing 0.5 mL of the extract obtained after incubation, 2.5 mL of Reagent I (phenol 0.1 mol L−1, sodium nitroprusside—170 μmol L−1) and 2.5 mL of Reagent II (NaOH 0.125 mol L−1, Na2HPO4.12H2O 0.15 mol L−1, NaOCl—3% Cl2) were added. The tubes were closed with stoppers to avoid loss of NH3 and placed in a water bath at 37°C for 35 min. After this interval, the reaction was measured by colorimetry in a spectrophotometer at 625 nm. The urease activity was determined by the quantity of ammonium ([image: image]) produced, and the values were compared with a standard curve, previously plotted using NH4Cl as a standard for ammonium. The results obtained were expressed in μmol [image: image] g−1 FW h−1.

The BNF was also ascertained indirectly by the acetylene reduction assay (ARA; Boddey et al., 2001). For this, the plants were collected in stage R1 (Fehr et al., 1971) and the roots containing nodules were carefully separated from the soil, after which the nodules were placed in hermetically sealed flasks. Then a needle and syringe were used to withdraw about 10% of the gas phase from each flask (corresponding to a volume of 1 mL) and the same quantity of acetylene gas, with 98–99% purity, was injected in the flask. Due to the large variations of the ideal incubation time with acetylene gas described in the literature, we chose 1 h, so as not to overestimate the enzyme activity and to avoid possible problems of conversion of the acetylene gas into ethylene by the composition of the stoppers utilized to seal the flasks. To measure the concentration of ethylene gas formed in the flask, 1 mL of the gas phase was withdrawn with a needle and syringe with capacity of 2.5 mL and injected in a gas chromatograph (Thermo Scientific Finnigan Trace™ GC 2000 model), with two Porapack N columns (Boddey et al., 2001). The run time to measure the ethylene concentration was 1 min.

At the end of the experiment, the remaining plants were harvested and separated into aerial part (leaves, stems, and pods) and grains. The material was identified, placed in paper bags and dried in an oven at 65°C for 72 h. The two dried plant portions (grains and aerial parts) were weighed on a scale with precision of 0.001 g.

Then the dried material was ground in a Wiley mill and passed through a sieve with mesh size of 1 mm to perform the chemical analyses of macro and micronutrients in the tissues according to the method described by Malavolta et al. (1997). The quantities of nutrients accumulated in the plant tissues were calculated by multiplying the concentration by the dry matter weight of each plant part.

The statistical analyses were performed with the SAS Institute (2009). The data were first analyzed by calculating the descriptive parameters mean, standard deviation, and coefficient of variation. When necessary, the data were transformed to satisfy the criteria of homogeneity and homoscedasticity. The data were also submitted to analysis of variance by the F-test. When the effect of the Ni rates was significant, we applied linear and quadratic regression analysis. In all analyses, the level of significance was considered to be 5%.

RESULTS

The temperature and relative humidity conditions in the greenhouse were favorable to the development of the soybean plants, without any extreme conditions that could have impaired their development (Figure 1). The temperature varied from de 20 to 39°C, with average of 29°C, and the relative humidity remained near 80%, values considered favorable for development of the species.
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FIGURE 1. Maximum, average, minimum temperature (°C), and air humidity (%) data during the experimental period. Vegetative and reproductive phenological stages (VE, emergence—cotyledons above the soil surface; V1, first node—fully developed leaves at unifoliolate nodes, and V5, fifth nodule—five nodes on the main stem with fully developed leaves beginning with the unifoliolate nodes; R1, beginning bloom—one open flower at any node on the main stem and R7, beginning maturity—One normal pod on the main stem that has reached its mature pod color; Fehr et al., 1971).



The application of the Ni doses via seeds influenced the leaf concentrations of the macronutrients N, P, K, Ca, Mg, and S (Table 2). We observed a quadratic effect for the leaf concentrations of P, K, Mg, and Ca, in general with a reduction of the leaf concentrations of these nutrients at the higher Ni rates. On the other hand, we observed a linear effect for concentration of N and S in the leaves, varying from 25.8 to 34 g kg−1 and from 2.1 to 3.8 g kg−1, respectively, at Ni rates of 0 and 540 (mg kg−1). The concentrations of P ranged from 2.1 to 3.1 (g kg−1), respectively, for rates of 0 and 540 (mg kg−1) of Ni in seeds. The concentrations of K varied from 24 to 35 (g kg−1), respectively, at doses of 0 and 360 (mg kg−1). Ca and Mg varied, respectively, from 16 to 24 and from 3.3 to 5.1 (g kg−1), respectively, at Ni rates of 0 and 135 (mg kg−1; Table 2).

Table 2. Concentration [Y] of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), boron (B), cupper (Cu), iron (Fe), manganese (Mn), nickel (Ni), and zinc (Zn) taken on the leaves of soybean cultivar BMX Potência RR, collected at R1 phenological stage (Fehr et al., 1971), as related to Ni seed treatments [X].
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Seed-Ni treatments have changed the concentration of micronutrients B, Cu, Fe, Mn, Ni, and Zn in the leaves (Table 2). It was observed linear effect for concentration of all micronutrients, except to Ni. The concentration of B, Cu, Fe, Mn, and Zn varied, respectively, from 78 to 125 mg kg−1 of B, 10.2 to 12.7 mg kg−1 of Cu, 329.9 to 522 mg kg−1 of Fe, 227.5 to 302.8 mg kg−1 of Mn, and from 106.8 to 167.9 mg kg−1 of Zn, by increasing Ni rates from 0 to 540 mg kg−1. The application of Ni in the seeds influenced the concentration of this element in the leaves used for diagnosis (Table 2), in which this concentration varied from 0.07 to 1.22 mg kg−1, respectively, for Ni rates of 0 and 135 mg kg−1, which is the inflection point of the Ni rates.

The effect of the Ni rates positively affected the SPAD index, with values ranging from 27.8 to 31.5, respectively, at Ni doses of 0 and 135 mg kg−1 (Figure 2), corresponding to 13% of increase on leaf greenness. An exponential effect for the SPAD value was observed, where the threshold was achieved at Ni rate of 135 mg kg−1. On the other hand, it was not observed significant effect between N content in the leaves and SPAD index taken on this leaves (dada not showed).
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FIGURE 2. SPAD value taken on the leaves of soybean cultivar BMX Potência RR, collected at R1 phenological stage (Fehr et al., 1971), as related to Ni seed treatments (rates). Relative chlorophyll concentration in the leaf used for nutrient analysis assessed by SPAD measurements. The readings were taken using the middle third of the diagnostic leaf of plants in phenological stage R1, and the average was computed of 30 readings per plant of four replicates per treatment. Mean ± SD. (Fisher Test, p < 0.01).



The application of Ni doses in the seeds also had a positive influence on the accumulation of N in the grains and aerial part of the soybean plants in the final reproductive phonological stage (R7; the beginning of grain maturity; Figures 3A,B) as compared to the control. The average accumulation of total N in the aerial part (green leaves, dry leaves, stems, and pods) was 136.5 mg per plant, considering all Ni rates (from 45 to 540 mg kg−1). Accumulation of total N in the grains increased 35% with Ni-seed treatment from 0 to 45 mg kg−1, and 16% by increasing Ni rates from 45 to 360 mg kg−1, in which the highest Ni-seed dose resulted in a lower total N-accumulation, 5% lesser than the control.
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FIGURE 3. Nitrogen content in the aerial parts (A) and in the grains (B) and nickel content in the aerial parts (C) and in the grains (D) of soybean cultivar BMX Potência RR, collected at R7 phenological stage (Fehr et al., 1971), as related to Ni seed treatments (rates). Four replicates per treatment. Mean ± SD. (Fisher Test, p < 0.01).



The Ni rates applied in the seeds positively influenced the Ni content in the aerial parts collected in phenological stage R7. The Ni content in the aerial parts fit a linear regression model (Figure 3C), showing a direct and positive correlation with the rates applied (R2 = 0.95***). However, for the accumulation of Ni in the grains, the effect was quadratic, in which the dose of 360 mg kg−1 resulted in the highest Ni accumulation (R2 = 0.97***). Nickel contents in the seeds increased by 221% with Ni rates from 0 to 540 mg kg−1. On the other hand, it was observed Ni-accumulation in the grains of 262% by increasing Ni rates from 0 to 360 mg kg−1 (Figure 3D).

The BNF estimated by the technique of natural abundance of 15N (Table 3), by using the concentrations of δ15N in the grains and aerial parts of soybean at R7 reproductive stage (phenological stage of fruit and seed ripening), as well as in the non-fixing plants (used as controls) showed values with respective δ15N for P. miliaceum and P. canariensis of 6.05 and 5.14‰, respectively. These species (non-fixers of N) were grown in the same soil and climate conditions as the soybean plants. In the aerial part of the soybean plants, the concentrations of δ15N ranged from 1.53 to 0.91 and the BNF varied from 61 to 70% on average, respectively, for Ni rates of 0 and 360 mg kg−1, without significant differences between the Ni rates applied (Table 3). However, analysis of the natural abundance of δ15N in the grains indicated there was a difference in BNF of the treatments, with variation of δ15N of 0.42 to -1.72. The application of 45 mg kg−1 of Ni via seeds indicated that 99% of the N accumulated in the grains came from BNF, while in the control treatment (none Ni application rate) the N fixation rate was only 77% (Table 3).

Table 3. Natural abundance of 15N (δ15N ‰) and estimation of BNF (%) in the soybean plant (aerial parts and grain) and activity of reducing acetylene (ARA) in soybean nodules grown in greenhouse as related to the application of Ni rates via seed.
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The activity of reducing acetylene (ARA) results did not show significant effect of Ni-seed treatment (Table 3). However, we found that Ni application of 45 and 90 mg kg−1 via the seeds resulted in respective increases of 67 and 77% in the nitrogenase activity in relation to the control. It was observed an effect of Ni-seed treatments in urease activity. The ureolytic activity increased sharply up to Ni rate of 180 mg kg−1 and then leveled off at higher Ni supply (Figure 4). The urease activity increased by 40, 71, 118, and 143% in relation to the control, respectively, to Ni rates of 45, 90, 135, and 180 mg kg−1.
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FIGURE 4. Urease activity taken on the leaves of soybean cultivar BMX Potência RR, collected at R1 phenological stage (Fehr et al., 1971), as related to Ni seed treatments (rates). The assessments were taken using the middle third of the diagnostic leaf of plants in phenological stage R1, and the average was computed of four replicates per treatment. Mean ± SD. (Fisher Test, p < 0.01).



It was observed a difference in aerial part dry weight (APDW) and grain dry weight (GDW) in function of the Ni doses applied in the seeds (Figures 5A,B). The APDW and GDW increased by 64 and 63%, respectively, with increase in the Ni rate from 0 to 180 mg kg−1. However, GDW and APDW increased, respectively, by 84 and 51% in relation to the control at 45 mg kg−1 Ni via seed treatment. On the other hand, it were observed reductions in the biomass yield by the aerial part and grains at Ni rates higher than 180 mg kg−1 (Figure 5). In relation to nodule mass (Figure 5B), although no significant variation was observed for the Ni rates, the fresh weight of the nodules increased with Ni-seed application from 0 to 45 mg kg−1 (Figure 6). The highest value was observed at the rate of 45 mg kg−1, the same rate that most favored the increase of the contribution of BNF%, i.e., that most increased the BNF efficiency (Table 3).
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FIGURE 5. Dry weight of aerial parts and grains (A) and fresh weight of nodules (B) of soybean cultivar BMX Potência RR as related to Ni seed treatments (rates). The nodules were collected at R1 phenological stage (Fehr et al., 1971), while aerial parts and grains were collected at phenological stage R7. The average was computed of four replicates per treatment. Mean ± SD. (Fisher Test, p < 0.01).
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FIGURE 6. Visual aspects of soybean cultivar BMX Potência RR growth at reproductive phonological stage (R1, Fehr et al., 1971) and its fresh nodules collected at this stage, as related to Ni seed treatments of control and Ni rate of 45 mg kg−1.



DISCUSSION

Early reports as related to increased efficiency of biologic nitrogen fixation (BNF) in legumes, including soybean plants, by supplying of cobalt (Co), molybdenum (Mo), and Bradyrhizobium strains seed treatment were published (Hungria et al., 2005, 2006; Campo et al., 2009). Even though there are many studies describing to the importance of nutritional aspects of sulfur (S), iron (Fe), Co, and Mo supply affecting symbiotic nitrogen fixation, the actual evidences on soybean seed treatment with nickel (Ni) and its effect on BNF are unclear and scarce. Therefore, the purpose of the present research was to demonstrate that Ni supply to soybean plants by seed treatment can increase the symbiotic nitrogen fixation effectiveness, directly by the 15N natural abundance method (δ15N‰) and by measurement of urease activity, as well as indirectly by nitrogenase (N-ase) activity.

Processes in the development of some legume symbioses on the biologic nitrogen fixation (BNF) specifically require calcium, cobalt, copper, iron, potassium, molybdenum, nickel, phosphorus, selenium, zinc, and boron. Therefore, the low supply of inorganic nutrients may affect effectiveness of nitrogen fixation and then reduce legume yield (O'Hara, 2001; Brear et al., 2013; González-Guerrero et al., 2014). In this sense, we observed that soybean seed treatment with Ni—together with Co, Mo, and B. japonicum—increased nutrients and chlorophyll content (SPAD index) in the leaves, urease, and nitrogenase activities taken on the leaves and root nodules, respectively, as well as increased 15N fixation and N accumulation in the leaves and grains, which in turn result in the visual difference on plant growth from control as compared to Ni-seed treatment of 45 mg kg−1 (Figure 6). It was also observed an increase in the dry weight of aerial parts and grains by Ni-seed supply up to 180 mg kg−1.

We observed a significant effect of the leaf concentrations of all nutrients evaluated in this study for the Ni doses applied via seeds (Table 2). The leaves were sampled at the R1 stage, when a large part of the nutrients in the leaves is remobilized—notably those elements highly mobile in the phloem—to reproductive structures, mainly the flowers, and subsequently to the pods and grains. Except for N, the leaf concentrations of the macronutrients were within the intervals suggested as sufficient for soybean plants and so did not limit the plants' development (Jones, 2003). In relation to micronutrients, except for Cu the values measured in the diagnostic leaves were within the ranges established as suitable (Jones, 2003). According to Gerendas and Sattelmacher (1997) and Gerendas et al. (1999), the ions Cu2+ and Zn2+ exert an interionic effect of competitive inhibition with the Ni2+ in the nutrient absorption process, indicating that these three ions are absorbed through the same ion channels, like ZIP or NRAMP transporter (Lin et al., 2010). However, in this study the effect was inverse, i.e., the application of Ni rates raised the leaf concentrations of Cu and Zn, suggesting that application of Ni in seeds might have had a positive influence by reducing this competitive inhibition (Gerendas and Sattelmacher, 1997; Gerendas et al., 1999) and improving soybean nutritional status.

The application of Ni via seeds proved to be a highly efficient alternative to enrich the concentration of this element in the grains (Figure 3D). The application of Ni by seed enrichment should mainly be considered in soils with low Ni levels, in which the plant's response to the element can be positive. It should be noted again that the content of Ni in the seeds should also be considered. In other studies, Ni concentrations similar to those observed in our research were reported for soybean grains by Kutman et al. (2013), who obtained Ni concentrations of 0.04–8.32 mg kg−1 when studying the effect of foliar application.

It is known that ~40% of the dry soybean is composed of protein, resulting in a high demand for N, and that majority of this is supplied by BNF (Alves et al., 2003; Hungria et al., 2006; Luca et al., 2014). In this study, a low Ni rate (45 mg kg−1) stimulated BNF and the affect was most pronounced in the grains, in which it can be noticed that more of 90% of total N accumulated were derived from BNF (Table 3). The absence of response of BNF in the aerial part, on early vegetative satege, probably occurred because at the start of development of soybean plants, the symbiosis with bacteria is not yet totally established (Alves et al., 2003). The nodules are small and sparse, and the plant is just starting to establish the infection process, so the demand for N, essential for vegetative growth, is low. In the V2–V3 period (Fehr et al., 1971), the largest part of N is supplied by reserves in the cotyledons, while the absorption by the roots from the soil is still incipient (Alves et al., 2003). In this initial development phase of shoot formation, the soybean plants might have taken up more N from the soil, presenting higher delta 15N values, near those of the soil, since a large part of the N needed for their development was derived from the N available in the soil (Table 3).

On the other hand, in more advanced vegetative stages, when the bacterium-plant symbiosis is better established, the plants obtain most of the N needed from BNF, since the delta 15N values tend to approach zero, indicating that the N taken up and assimilated comes from atmospheric air (Guimaraes et al., 2008; Urquiaga et al., 2012). In this case, Ni exerts an important role in the BNF process, and the application of Ni in the seeds increased the BNF by an average of 10%, making a significant contribution to the supply of N, mainly in the grains (Table 3). It is known that in the BNF process, Ni acts as a structural component of hydrogenase, an enzyme responsible for recapturing the H2 that is generated by nitrogenase during the process of reducing N2. In the BNF process, nitrogenase breaks down N2 and transforms it into NH3 and H2 gas (Ureta et al., 2005). The formation of H2 by the nitrogenase indicates inefficient use of energy that can be used in fixation of N2. Furthermore, the high concentrations of H2 inhibit the activity of nitrogenase and consequently reduce the efficiency of BNF (Ureta et al., 2005). Therefore, the presence of Ni might have favored the activity of hydrogenase, recapturing more H2, increasing the energy efficiency of the process and hence optimizing the reduction of N2 and the entire BNF process. Thus, we can consider that there is a positive feedback between the activities of the hydrogenase and nitrogenase, in order to keep the BNF constant and efficient (Zhang et al., 2014).

The ARA is widely used for indirect measurement of the activity of nitrogenase (N-ase) in samples of plants, bacteria and isolated organisms (Boddey et al., 2001). In this study, although the ARA results were not significant, we did observe a response tendency with the presence of Ni. The absence of a statistical difference between the treatments can be explained by the variability of the results, with a high coefficient of variation between the means of the treatments of ~35%. Besides, it has been pointing out that many factors might interfere in this analysis and results, among them temperature, quantity of O2 in the flask, concentration of acetylene, and limit of detection of the equipment, preventing a statistical difference between the doses (Boddey et al., 2001; Guimaraes et al., 2008).

In general, the presence of Ni significantly enhanced the BNF by the soybean plants and the metabolism of N, favoring the accumulation of N in the grains and aerial part, which can be associated with chlorophyll content (SPAD index) taken on the leaves (Figure 2). Kutman et al. (2013) reported an increase of 30% in the N concentration in the new leaves of soybean plants after external application of Ni. It should be considered also that in the process of remobilizing N in old leaves, proteins, and amino acids are degraded in the mitochondria (e.g., action of arginase), resulting in the formation of urea in the cytosol (Gerendas and Sattelmacher, 1997; Gerendas et al., 1999; Cakmak et al., 2010; Witte, 2011). Ni promotes an increase of urease activity, favoring the metabolism of N, and enhancing the remobilization of N from the old to new leaves (Kutman et al., 2013). This also confirms our results observed for the increased activity of urease by applying Ni on seeds (Figure 4).

The application of Ni positively influenced the soybean yield. This yield was highest at Ni rates of 45 and 90 mg kg−1, while at higher rates, such as 540 mg kg−1, the grain yield declined, probably due to the toxic effect of Ni (Figure 5). Very few studies have been published on the effect of applying nickel via seeds on the development of soybean plants. Most studies report the addition of this element in the soil or a nutrient solution (Kutman et al., 2013), foliar application (Nyczepir and Wood, 2012), or even have considered that the quantity of Ni in the soil and seeds is sufficient to supply the plants' needs. Kutman et al. (2013) observed that application of this micronutrient in the seeds did not promote increased grain productivity, although it did influence the activity of some enzymes analyzed.

CONCLUSIONS

The results of this study provide relevant information because show that the grain yield per plant increased at the lowest Ni rates applied in the seeds. As also shown, Ni influenced the activity of enzymes that take part in the metabolism of N, and enhanced the biological fixation of N, besides increasing the accumulation of N by the plants.

In general, the presence of Ni in the seeds stimulated the BNF process, probably due to the higher activity of the enzyme hydrogenase. Certainly when the hydrogenase activity increased—confirmed indirectly by determining the activity of nitrogenase (by the indirect ARA), the energy efficiency of BNF increased. The increased contribution of BNF was reflected in higher accumulation of total N in the aerial parts and grains and the increase of urease activity. These benefits, along with the savings of photoassimilates, resulted higher production of APDW and grain yield. Finally, the application of Ni in the seeds should mainly be adopted in sandy soils having low levels of this element and in soils with medium and sandy texture after correction with lime, a common and necessary practice in soils in Cerrado regions in Brazil. The application of Ni via seed treatment is a viable strategy, since this element can be applied along with the other two micronutrients that are closely associated with the BNF process, Mo and Co. The results of present study demonstrate the contribution of Ni to the BNF process and to higher grain yield. However, other experiments, under controlled and field conditions, with lower Ni rates are necessary.
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