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Abstract

:

Phosphorus (P) is considered an elementary mineral nutrient for plants. Nevertheless, excessive or deficit supply to the crop may cause negative changes at the physiological level. Plants were cultivated in pots in a growth chamber under increasing P concentration (P1 (0.5 mmol/L (control treatment)), P2 (1 mmol/L); P3 (2 mmol/L); P4 (4 mmol/L); P5 (6 mmol/L), and P6 (8 mmol/L)) in the nutrient solution for 40 days. At the end of the experimental period, biomass, carbohydrates concentration, and enzymatic activities related to the synthesis and degradation of sucrose as well as the different fractions of P in different organs of the plant were assessed. The results obtained in this experiment reveal a decrease in biomass under increasing P supply. Fructose, glucose, sucrose, and starch concentrations were higher in the shoots compared to the roots. There were different trends in the roots and shoots in enzymatic activities related to sucrose. The increase in P dose increased the concentration of the different forms assessed for P in all the organs studied. Seed phytate concentration surpassed the threshold established by the Food and Agriculture Organization (FAO) for green bean plants grown under P4, P5, and P6 treatments. Considering the results obtained, we suggest fertigation with a concentration of 2 mmol/L to obtain a higher productivity without excess of phytate in seeds.
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1. Introduction


Green beans (Phaseolus vulgaris L.) are a legume with high relevance in human nutrition due to their high amounts of calories and proteins [1,2]. According to the Food and Agriculture Organization (FAO) [3], at the worldwide level, the area harvested and the production quantity of green beans were 1,569,474 ha and 2,4765,555 t, respectively.



Phosphate reserves for agriculture are running out, and at the agronomic level there are various aspects related to the soil and fertilization [4,5].



Phosphorus is a relevant macronutrient in a plant’s growth, ranging from 0.05 to 0.30% of the crop’s dry weight [6]. Phosphorus (P) participates in many physiological processes associated with plant growth and development. For instance, P is crucial in energy metabolism and photosynthesis, biosynthesis of organic compounds, the structural element of nucleic acids and phospholipids, up and down regulation of genes and the activity of enzymes, and also in signal transduction [7,8].



In the soil, there are several chemical forms of P, such as inorganic P (Pi) and organic P (Po) [9,10]. The concentration of Pi in plant tissues ranges from 5 to 20 mM [11], being higher than the concentration in the soil, which is around 10 mM [12]. Plants uptake phosphorus from the soil as inorganic phosphate (Pi) in the forms of HPO42− or H2PO4− ions [13,14]. Moreover, an adequate rate of P uptake is of crucial interest for plant´s growth and development, since a reduced availability results in a decline in crop yield [15].



Plant growth requires the translocation of carbohydrates from the leaves to the rest of the plant, providing these organs with carbon and energy. Among these carbohydrates, sucrose is the most important in plants [16]. The synthesis of sucrose occurs in the cytoplasm from triose-P that is translocated from the chloroplast in a Pi-regenerating step. The triose-P ubicated in the cytosol is firstly transformed to hexose-P to be later converted into sucrose [17].



The key enzymes participating in the generation of sucrose are fructose-1,6-biphosphatase (F1,6BPase), uridine di-phosphate UDP-glucose pyrophosphorylase, and sucrose-phosphate synthase (SPS) [18]. The sucrose degradation rates depend on sucrose synthase (SS), as well as on acidic and alkaline sucrose invertase activities, yielding in both cases glucose and fructose [19,20]. Sucrose phosphate synthase is soluble in the cytoplasm and participates in the reversible formation of sucrose-P from UDP-glucose. Fru-6-P’ activity of this enzyme is led mainly by allosteric effectors (Glc-6-P and Pi) and by reversible seryl phosphorylation [21]. Soluble sucrose invertases participate in the hydrolytic reaction of sucrose, producing glucose and fructose, and according to the optimum pH and cell compartmentation studies, they are ubicated in the cytoplasm (neutral or alkaline forms) or in the vacuole (acid forms) [22].



The level of P in a crop can be assessed as different P pools depending on the extraction procedure. The different P forms are related to different chemical compounds such as ester, lipid, nucleotide, inorganic and storage P [12]. Inorganic P is ubicated either in the vacuole, where it is translocated to satisfy the requirements of growing sinks, or in the cytosol acting as a crucial regulator of the leaf CO2 assimilation rate [23]. By contrast, the organic fraction of phosphorus (Po) needs to be hydrolyzed to Pi before it can be re-translocated [24]. The fractions of Pi and Po must be converted to the soluble form of P to easily be used up as a P nutrient by plants, and thereafter be immobilized into organic cellular macromolecules such as DNA, RNA and ATP [25]. The activation of intracellular and secreted acid phosphatases (APase) is a well-known response against P deprivation in plants [8].



Reviewing the literature, there are several studies focused on the effects of phosphate limitation in common beans at the biochemical and physiological level [26,27,28,29]. Nevertheless, these studies were conducted under a phosphate-sufficient (+P) and phosphate deficient (−P) nutrient medium, with no comparison between the supply of different doses of P. Therefore, this experiment aimed to discern the effects of different doses of P on the biomass, metabolism, and distribution of carbohydrates and phosphorus in green bean plants.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


Green bean seeds cv. Strike were germinated for 8 days under dark conditions and then transplanted to 8 L−1 pots (4 plants) filled with vermiculite. Plants were cultivated in a growth chamber with 350 μmol m−2 s−1 (photon flux density) (recorded at the canopy of the crop with a quantum sensor (LI-190SA, LI-COR Inc., Lincoln, NE, USA), a photoperiod of 16/8 h (day/night), an average day/night temperature of 28/22 °C, and air humidity ranging from 60 to 80%. These plants were irrigated for 20 days before the experimental treatments with a complete nutrient solution containing 6 mmol/L (NH4NO3), 2.4 mmol/L (K2SO4), 1.2 mmol/L (CaCl2·2H2O), 1.6 mmol/L (K2HPO4), 1.4 mmol/L (MgSO4·7H2O), 5 μmol/L (Fe-EDDHA), 1 μmol/L (ZnSO4·7H2O), 2 μmol/L (MnSO4·H2O), 0.3 μmol/L [(NH4)6Mo7O24·4H2O], 0.25 μmol/L (CuSO4·5H2O) and 5 μmol/L (H3BO3). The completed nutrient solution was renewed two times per week during the whole experimental period, with a pH of 6.0–6.1. Twenty days after the sowing, different P concentrations were added to the nutrient solution to establish the different P treatments. The desired concentrations of P were obtained using the following chemical fertilizers: monopotassium phosphate (KH2PO4) and phosphoric acid (H3PO4). The treatments of P were: P1 (0.5 mmol/L (control treatment)), P2 (1 mmol/L); P3 (2 mmol/L); P4 (4 mmol/L); P5 (6 mmol/L), and P6 (8 mmol/L), and these were applied for 40 days (until harvest). The experiment consisted of a randomized complete block design with six single-pot replications with a total of 24 plants per treatment. At the end of the experiment (60 days after sowing), plants at full maturity were sampled and sorted into roots, shoots, pods, and seeds for further analysis. The different samples were cleaned three times with distilled water and nonionic detergent (1%) [30] and then were blotted on filter paper.



Fresh root and shoot subsamples were used to determine the activities of fructose-1,6-bisphosphatase (F1,6BPase), sucrose phosphate synthase (SPS), sucrose synthase (SS), invertases (acid and alkaline), and the concentration of non-structural carbohydrates (sucrose, glucose, fructose and starch). Acid phosphatase activity was also assessed in subsamples of the fresh weight of roots, shoots, pods, and seeds. Oven-dried (70 °C until constant weight) subsamples of the different organs assessed were ground in a mill, and then used for the analysis of total P, inorganic P, organic soluble-P, lipidic-P, proteic-P, RNA-P, DNA-P, and phytates.




2.2. Analysis of Carbohydrates Metabolism


Fresh material of roots and shoots was crushed with ethanol (5 mL at 96%) and then washed with ethanol (5 mL at 70%). The alcoholic extract was centrifuged for 10 min (3500× g) and then the supernatant was stored at 4 °C for further analysis. The determination of the concentration of soluble sugars, such as sucrose, glucose, and fructose, was assessed with the protocol established by Irigoyen et al. [31]. The pellet obtained after centrifugation was dried and then incubated for 48 h at 37 °C in buffer acetate (4.5 mM) and α-glucoamylase (0.5%, w/v) and water for the determination of starch. The reagent of anthrone was used for the determination of the concentration of soluble sugars and starch measuring the absorbance at 650 nm and using standards of sucrose, glucose, and fructose at different concentrations. The concentration of soluble sugars (sucrose, glucose, fructose) and starch in roots and shoots was expressed as mg g−1 FW.



Sucrose phosphate synthase (SPS) activity was assessed with the methodology reported by Hubbard et al. [32]. The extraction medium containing: Hepes-NaOH buffer (1:5 (w/v), 0,05 M, pH 7.5) with 1 mM Na-EDTA, 5 mM MgCl2, 0.5 BSA g L−1, 2.5 mM DTT, and 0.05% (v/v) Triton X-100. The homogenate was centrifuged for 10 min (13,500× g) and the enzyme activity was assessed in the resulting extract. The protocol of Bradford [33] was conducted to determine protein concentration. SPS activity was determined in reaction mixtures containing 50 mM Hepes-NaOH (pH 7.5), 15 mM MgCl2, 25 mM glucose 6-phosphate, 25 mM fructose 6-phosphate, 25 mM UDP-glucose, and 100 µL of extract, using the protocol reported by Cheikh and Brenner [34]. The incubation of the mixtures (37 °C) was conducted for 30 min and was stopped with the addition of 70 μL of potassium hydroxide (30%, w/v). Enzyme blanks were finished with potassium hydroxide at 0 min. Sucrose was determined using Van Handel’s [35] modified anthrone method. The activity of SPS was expressed as µmol sucrose mg−1 prot. h−1. Sucrose synthase (SS) was determined using the same methodology proposed for SPS, but using fructose (25 mM) instead of fructose 6-phosphate, and without glucose 6-phosphate [34]. The activity of SS was expressed as µmol sucrose mg−1 prot. h−1.



Fructose 1,6-biphosphatase (F1,6BPase) was extracted following the protocol of Holaday et al. [36]. The activity of the enzyme was assessed in a reaction mixture composed of 50 mM Hepes-HCl (pH 7.6), 5 mM MgCl2, 10 mM β-mercaptoethanol, 0.25 mM fructose 1,6-biphosphate, 10 mM KF, and 100 µL of extract. Then, the reaction mixture was incubated in dark conditions for 10 min at 25 °C and stopped with the addition of trichloroacetic acid (30%). The protocol of Bradford [33] was conducted to determine protein concentration. The Pi released was measured with the protocol of Geladopoulus et al. [37]. Fructose 1,6-biphosphatase activity was expressed as µmol Pi−1 mg−1 prot. min−1.



Invertases (acid and alkaline) were extracted in potassium phosphate buffer (0.2 M, pH 7.0) and β-mercaptoethanol (0.02 M) using the protocol reported by Hubbard et al. [32]. The homogenate obtained was filtered and centrifuged for 15 min (35,000× g). The resulting extract was used to determine enzyme activities and soluble protein concentration. The enzymatic activity for acid invertase was assessed using 55 µL of extract, 150 µL sodium acetate buffer (0.1 M, pH 4.5), and 50 µL sucrose (0.75 M) in a test tube equilibrated in a 37 °C water bath. The reaction lasted 30 min and was stopped by adding a volume of 125 µL dinitrosalicylic acid reagent prepared according to Miller’s method [38]. The protocol of Bradford [33] was conducted to determine protein concentration. Reducing sugars released from sucrose were measured with the protocol of Hubbard et al. [32]. The activity of neutral invertase was assessed as described above but sodium-acetate buffer (0.1 M, pH 4.5) was replaced with K2HPO4− citrate buffer (0.1 M, pH 7.0) [32]. Invertase (acid and alkaline) activities were expressed as µmol glucose mg−1 prot. h−1.




2.3. Analysis of P Forms


Dry matter subsamples were ground and then digested with sulfuric acid (96%) and hydrogen peroxide (H2O2) [30]. Total P was analyzed by the vanadomolybdophosphate colorimetric method measuring the absorbance at 430 nm [39,40]. An aqueous extraction (0.2 g of dried material in a volume of 10 mL of distilled water) was filtrated, and the eluate was used for the direct determination of the inorganic P, as was described previously for total form [40]. The concentration of organic P resulted from the difference between total and inorganic P. Lipidic P was extracted using ethanol-ether-chloroform (2-2-1/v) from the first extraction residue at 50 °C for 60 min and then centrifuged at 3000× g for 5 min. An aliquot of this supernatant was desiccated and then digested with 96% H2SO4 for the colorimetric determination at 430 nm [39,40]. RNA-P was determined using an aliquot of the extraction residue of lipidic P determination, which was desiccated and then used for the extraction with KOH and centrifuged for 5 min (3000× g). An aliquot of the supernatant obtained was desiccated and then digested with 96% H2SO4 for the colorimetric determination at 430 nm [39,40]. DNA-P was determined using an aliquot of the extraction residue of RNA-P which was desiccated and then used for the extraction with 5% HClO4 and centrifuged for 5 min (3000× g). An aliquot of the supernatant obtained was desiccated and then digested with 96% H2SO4 for the colorimetric determination at 430 nm [39,40]. Proteic P was determined using an aliquot of the extraction residue of DNA-P which was desiccated and then digested with 96% H2SO4 for the colorimetric determination at 430 nm [39,40]. The different P forms calculated were expressed in mg 100 g−1 DW.



Acid phosphatase activity (APA) assay was measured following the protocol of Besford [41], Ruiz et al. [42], and López-Cantarero et al. [40]. The fresh weight of the different sections assessed was homogenized with a 0.1 M Na-acetate buffer, and then centrifuged at 30,000× g being always at 4 °C. The protocol of Bradford [33] was conducted to determine protein concentration. Enzyme extracts were incubated under dark conditions (30 min) at 30 °C. Hydrolysis of the p-nitrophenyl phosphate (p-NPP) was recorded as APA measuring the absorbance at 405 nm. The activity of APA was expressed as μmol of p-NPP hydrolyzed h−1 at 30 °C.



Phytate concentration was determined in dried and ground seeds which were treated with HCl. This determination was based on phytate extraction in a strongly acidic media, and the subsequent phytate-Fe complex arrangement by means of high Fe present in the reaction media as ammonium iron sulphate. From the supernatant fraction, the phytate concentration was determined by 2,2′-bipyridine following the procedure established by Graf and Dintzis [43]. Phytate concentration was expressed in mg 100 g−1 DW.




2.4. Statistical Analysis


Statistical analyses of the variables studied were conducted using the program Statgraphics Centurion XVI.II (Statpoint Technologies, Inc., Warrenton, VA, USA). The significance of the effects of the treatments was analyzed by ANOVA (one-way analysis of variance) and LSD (least significant difference) tests (p < 0.05).





3. Results


3.1. Plant Parameters


Green bean plants grown under P1 showed the highest value in roots, whereas plants grown under P3 and P4 showed the highest value in shoot and pod dry weight at the end of the experiment (Figure 1).




3.2. Carbohydrates Metabolism


Green bean plants showed higher concentrations of glucose, fructose, sucrose, and starch in shoots compared to roots at the end of the experiment. At root level, plants grown under P3 and P4 showed the highest concentration of glucose, fructose, and sucrose. In shoots, plants grown under the lowest (P1) phosphorus concentration supplied to the nutrient solution showed the highest concentration of glucose, fructose, and sucrose. With respect to starch, there were no significant differences between treatments at root and shoot level (Table 1).



With respect to sucrose biosynthesis, the values of sucrose phosphate synthase (SPS) and fructose 1,6-biphosphatase (F1,6BPase) were higher in plants grown under P3 and P4 at root and shoot level at the end of the experiment. The enzymes involved in sucrose degradation, sucrose synthase, and acid and alkaline invertase activities in roots were higher in plants grown under P3 and P4, whereas in shoots, sucrose synthase activity was higher under P3 and P4, while acid and alkaline invertase activities showed the lowest value under these P treatments (Table 2).




3.3. Phosphorus Metabolism


There was a highly positive relationship (R2 = 0.99) between the phosphorous concentration supplied to the nutrient solution and total P in the plant (Figure 2).



The concentrations of total and inorganic P forms increased under increasing phosphorus supply to the nutrient solution in all the organs studied (roots, shoots, pods, and seeds), showing the highest values in green bean plants subjected to the P6 treatment. Analogously, organic P concentration rose under increasing phosphorus supply to the nutrient solution in all the organs studied, showing the highest values in green bean plants subjected to P5 and P6 treatments, respectively, but with no significant differences between them. The ratio between organic and inorganic P increased under increasing phosphorus supply to the nutrient solution in roots, shoots, and pods, but in seeds it showed a contrary trend, showing the highest value in plants grown under P1 treatment (Table 3).



The concentrations of lipidic P, proteic P, RNA-P and DNA-P and forms followed the same trend in all the organs studied, showing the highest value in green bean plants grown under the highest concentration of phosphorus supplied to the nutrient solution (P6) (Table 4).



Regarding acid phosphatase activity, the trend was the opposite with respect to the different forms of P assessed in all the organs studied, with the control treatment (P1) showing the highest value (Figure 3).



The concentrations of phytates in seeds increased under increasing phosphorus supply to the nutrient solution, showing the highest values in green bean plants grown under P5 and P6 treatments (Figure 4).



Comparing the relationships between the different P-forms and the concentration of P supplied to the nutrient solution, the highest slope for lipidic and RNA-P fractions and the lowest for phytates can be highlighted. It is also necessary to point out that there was a high positive correlation in all cases, being especially close to 1 in RNA-P and DNA-P (Table 5).





4. Discussion


Several works have demonstrated that the growth of green bean plants under phosphorus deficit conditions results in a decline in dry weight in the aerial part of the plant and an increase in the root system [29,44]. In our experiment, the highest root growth under the lowest P concentration can be ascribed to the growth of long root hairs to improve P acquisition [45]. Nevertheless, the high values of shoot and pod dry weight under P3 and P4 treatments, and the consequent decrease at higher levels of P, differ from the results obtained by previous researchers [46,47]. The apparently contradictory results obtained in our experiment can be attributed to the longer duration imposed in our treatments. Moreover, our results suggest that levels of P greater than 4 mM may be toxic, or excessive, for adequate plant growth and hence shoot and pod dry weight decreased under the highest P treatments.



The results obtained in our experiment report higher concentrations of glucose, fructose, sucrose, and starch in shoots than in roots at the end of the experimental period. Nevertheless, it is necessary to point out that increasing doses of P in the nutrient solution resulted only in a remarkable increase in soluble sugars (fructose, glucose, and sucrose) in roots, especially in plants grown under P3 and P4. These results suggest an alteration of source/sink balance under different P levels (P deficiency in P1 and P2 and P excess in P5 and P6) as reported by Passarinho et al. [48]. The increase in soluble sugars in roots in green bean plants can be ascribed to the greater translocation from the aerial part to roots [26], a higher rate of hydrolysis of sucrose [27], and a decline in hexose phosphorylation [44]. It may also be due to energy consumption by the roots, which in the case of P deficit can be related to the active P uptake [49], and in the case of excess, with the maintenance of the cytoplasmic osmotic potential of the root cells [50]. In our experiment, the lack of variations in starch concentration in roots and shoots of green bean under increasing P concentration levels in the nutrient solution was not in line with previous findings noted by other researchers such as Fredeen et al. [51] and Rao et al. [52], who reported an increase in starch concentrations in organs of soybean and sugar beet under P increase, respectively. The excessive application of P can result in negative effects in chloroplasts, since they are involved in the exchange of triose P and other phosphorylated metabolites against phosphate; therefore, if the levels of P are too high, this may cause a depletion of the activity of this organelle in metabolites, which could affect photosynthesis (breakdown of RPPP) or transitory starch.



As far as enzymatic activities were concerned, the homeostasis of sugars in the different organs of a plant is controlled through different enzymes aiming to control the biosynthesis and degradation of soluble sugars according to the requirements of the plant. In the same vein, Ho et al. [53] reported that differences in enzymatic activities related to sucrose metabolism depended on the activity of the sucrose-degrading enzymes inside the sink, since they are responsible for the capacity of the sink organ to import assimilates and thus sink strength. With respect to P supply, we reported the same trend in the roots and shoots of sucrose biosynthesis enzymes (SPS and F1,6BPase) and sucrose degradation via SS activities. The highest activity was presented under P3 treatment, decreasing under deficit, insufficient, and excessive P supply. Nevertheless, it is necessary to point out a different trend in the biosynthesis and degradation of sucrose in the roots and shoots of green bean plants related to invertase activity. In roots, there was a similar trend with respect to the other enzymes, also suggesting a decrease in sugar metabolism under P deficit and excess conditions. Nevertheless, in shoots, there was no clear trend under increasing P supply to the nutrient solution.



The enzymes SPS and F1,6BPase participate in sucrose biosynthesis in the cytosol of the cell from triose-P, with SPS being the main enzyme responsible for the regulation of this biosynthesis [54]. Our results may suggest that in these treatments, both enzymes were involved in the biosynthesis of sucrose in roots.



The results obtained in our experiment report that the degradation of sucrose in shoots through the SS pathway can be related to the reduction in the energy of the invertase pathway to break down sucrose into two molecules of Fru-6-P, as reported by Black et al. [55]. In addition, the participation of SS in sucrose degradation could be due to this enzyme’s relationship with vascular tissues and its presence in the adjacent cells, as noted by Ciereszko et al. [26]. This may be justified by their function in hydrolysis and sucrose unloading via the phloem in the developing parts of green bean [27]. At root level, these results may suggest that phloem unloading was occurring via the symplast [56]. On the other hand, the higher activity of acid or alkaline invertases could be associated with the stage of the growing organs, since alkaline invertase is more crucial for sucrose breakdown, which occurs under P deficit treatments, while acidic invertase is more active in less-developed organs, which occurs under excess P treatments [57].



With regard to total P, the accumulation in all the organs of green beans under increasing doses of P in the nutrient solution agrees with the results reported by Thao et al. [58] who noted the same trend in lettuce. It is necessary to point out that in our experiment, there was a high correlation between the different fractions of P assessed and the increasing doses of P in the nutrient solution. Reviewing the previous literature, there are several references indicating that under increasing P concentration levels to the nutrient solution, P concentration increased in the different fractions assessed, as well as in the different organs studied in green beans [59,60,61], and in other crops such as wheat [62] and cucumber [63].



Inorganic P concentration in all the organs assessed in our experiment showed the same trend as the total P concentration. Considering the results obtained, it can be suggested that under increasing doses of P in the nutrient solution, green beans plants may have upregulated several genes involved in the activity of low affinity Pi transporters responsible for Pi uptake under increasing concentrations of P in the nutrient solution, as noted by Nussaume et al. [64] and Gu et al. [65]. Analogously, the highest concentration of inorganic P in the different sections, assessed under the highest concentration of P in the nutrient solution, can be due to the role of this fraction as a reserve for phosphorus which can be used by the plant during times of higher rate synthesis of new chemical compounds [66].



As far as organic P was concerned, the highest concentration of this P fraction in plants grown under P6 treatment suggests that there was an increase in nucleic acids and phospholipids under increasing P supply, as has been reported previously by Bieleski [12] in green bean plants. In our experiment, the increasing values of the organic P/inorganic P ratio in roots, shoots, and pods under increasing P supply in the nutrient solution suggest an efficient conversion of inorganic P into organic P for their consecutive use in the synthesis of phosphorous compounds, as reported by Lambers and Plaxton [67]. In the case of seeds, the decrease in the ratio under increasing P supply can be ascribed to the accumulation of organic P in the form of phytates [68].



Nevertheless, the P level in the different organs can be evaluated through different P pools [12]. In our experiment, we assessed the lipidic P, proteic P, RNA-P and DNA-P fractions in the different fractions of the plants: roots, shoots, pods and seeds as well as the phytates in pods. Considering the lipidic P fraction, our results show that the highest levels of P in the nutrient solution resulted in the highest concentration of lipidic P in all the organs assessed. This fact can be ascribed to the higher presence of Pi, as occurred in the P6 treatment, since one strategy to achieve Pi from internal sources is the degradation of biological molecules with Pi. In plants, the activation of phospholipases to hydrolyze phospholipids and the release of Pi is common [14].



Organic P is a crucial element in the chemical composition of nucleic acids (DNA and RNA) [69]. In our experiment, the different organs assessed in green beans had the highest concentration of DNA and RNA in plants grown under the highest application of P. The highest DNA concentration can be related to the overexpression of several P-responsive genes, responsible for phosphate transporter accumulation and phosphatases, as reported by Tian et al. [70]. In the case of RNA, the highest value in plants grown under P6 treatment could be due to the enhancement of protein synthesis under increasing P supply to the plant [71,72]. In our experiment, the highest concentration of proteic-P in plants grown under the highest P supply to the nutrient solution can be related to the previously mentioned protein biosynthesis increase. Although the application of increasing concentrations of P in the nutrient solution resulted in a consequent increase in P in all the forms and organs assessed, it could be possible that the excess of application changed several biological pathways with a crucial role in the growth of the plants, resulting in the decline in dry weight. Moreover, the increase in P uptake may suggest the presence of high and low-affinity transporters in green bean plants. The high affinity transporter whose activity was enhanced under low P supply and the low affinity transporter working at high P supply with a constitutive activity.



Acid phosphatases participate in several metabolic and bioenergetics processes at the cellular level, such as the uptake, allocation, and recycling of Pi. The expression of APase genes is affected by different environmental factors [73]. Reviewing the previous literature, there are several studies reporting that the activity of phosphatase acids can be enhanced under P deficiency in green beans [74], as well as in other crops such as lupinus [75], white clover [76], and wheat [77]. Nevertheless, our results reveal that under increasing P supply to green beans, the activity of phosphatase acid decreased in the different organs assessed. This fact can be explained because the decline in the activity of phosphatase acid responsible for the hydrolysis of Pi from phosphate-monoesters, such as nucleic acids and phospholipids [78], increased the concentration of several fractions of P, such as lipidic, DNA, and RNA fractions.



In our experiment, the concentrations of phytates in seeds increased under increasing phosphorus supply in the nutrient solution. These results are in line with previous findings reported by Lockhart and Hurt [79], who noted that the phytate concentration was highly correlated with phosphorus levels. High amounts of P in seeds is also crucial for their formation and development [80]. This increase in phytates in seeds can be ascribed to a reduction in the activity of chalcone isomerase (CHI) and phenylalanine ammonia-lyase (PAL), as reported by Chen et al. [81]. The negative effect of excess consumption of phytate in the human diet is worth mentioning, especially in vegetarians, since it is considered an anti-nutrient associated with low absorption of other nutrients such as Ca, Cu, Fe, Zn and Mn, resulting in negative nutritional well-being [82]. Moreover, the acceptable threshold of phytate concentration established by the FAO for green beans is 358 mg/100 g DW [83], therefore nutrition with green beans grown under P4, P5, and P6 treatments is not recommended. The increase in phytates in seeds can be associated with the fact that when the rate of Pi uptake is excessive, plants tend to prevent the accumulation of toxic Pi concentrations which can be carried out through the conversion of the inorganic form of P into organic storage compounds like phytates. Therefore, it would be recommendable to perform the fertigation of green beans with phosphorus concentrations below to 4 mM in order to avoid nutritional disorders and also a reduction in yield in this species.




5. Conclusions


The increase in P dose in the nutrient solution supplied to green bean reduced shoot dry weight, and the highest values for shoot and pod dry weight were in green beans plants grown under P3 and P4 treatments. After sixty days of sowing, increasing P supply in the nutrient solution resulted in higher concentrations of glucose, fructose, sucrose, and starch in the shoots compared to the roots of green bean plants. Non-structural carbohydrates (glucose, fructose and sucrose) showed the highest value in the roots in green bean plants grown under P3 and P4, whereas in shoots, they remained constant and lower than the control treatment under increasing P supply. With regard to starch, the concentration in roots and shoots did not change under different P doses. Considering the enzymatic activities related to the biosynthesis and degradation of soluble sugars, it is necessary to point out different trends in the roots and shoots for invertases. The increase in P supply to the nutrient solution resulted in an increase in the concentration of the different forms assessed for P in all the organs studied. Under increasing P supply, acid phosphatase activity declined in all the organs assessed, whereas seed phytate concentration increased. These results corroborate the significance of studying the physiological responses of P supply to select the most adequate P concentration for the growth of green bean plants, since human nutrition with green beans grown under P4, P5, and P6 treatments is not recommended.
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Figure 1. Effects of different P treatments on root, shoot, and pod dry weight in green bean plants at the end of the experiment. Means with the same lower-case letter are not significantly different at p < 0.05 according to LSD and one-way ANOVA. Error bars represent standard deviation of the means (SE), n = 6. 
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Figure 2. Relationship between P treatments (expressed in mM) and total P (expressed in mg plant−1). 
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Figure 3. Effects of different P treatments on acid phosphatase activity in roots, shoots, pods and seeds of green bean plants at the end of the experiment. Means with the same lower-case letter are not significantly different at p < 0.05 according to LSD and one-way ANOVA. Error bars represent standard deviation of the means (SE), n = 6. 
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Figure 4. Effects of different P treatments on phytate concentration in seeds of green bean plants at the end of the experiment. Means with the same lower-case letter are not significantly different at p < 0.05 according to LSD and one-way ANOVA. Error bars represent standard deviation of the means (SE), n = 6. 
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Table 1. Effects of different P treatments on the accumulation of non-structural carbohydrates in the roots and shoots of green bean plants at the end of the experiment. n = 6. Means ± standard deviation within columns with different lower-case letters are significantly different at p < 0.05 (one-way ANOVA and LSD tests).
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	Treatments
	Glucose

(mg g−1 FW)
	Fructose

(mg g−1 FW)
	Sucrose

(mg g−1 FW)
	Starch

(mg g−1 FW)





	Roots
	
	
	
	



	P1
	2.05 ± 0.18 d
	2.19 ± 0.19 d
	1.99 ± 0.17 d
	11.75 ± 1.02 a



	P2
	2.68 ± 0.23 c
	2.85 ± 0.25 c
	2.59 ± 0.23 c
	11.69 ± 1.02 a



	P3
	6.44 ± 0.56 a
	6.86 ± 0.60 a
	6.23 ± 0.54 a
	11.11 ± 0.97 a



	P4
	6.68 ± 0.58 a
	7.11 ± 0.62 a
	6.46 ± 0.56 a
	12.14 ± 1.06 a



	P5
	4.52 ± 0.39 b
	4.81 ± 0.42 b
	4.37 ± 0.38 b
	11.58 ± 1.27 a



	P6
	2.60 ± 0.23 c
	2.77 ± 0.24 c
	2.52 ± 0.22 c
	10.28 ± 0.90 a



	Shoots
	
	
	
	



	P1
	17.13 ± 1.49 a
	18.25 ± 1.59 a
	16.57 ± 1.44 a
	13.96 ± 1.65 a



	P2
	11.16 ± 0.97 b
	11.89 ± 1.04 b
	10.80 ± 0.94 b
	13.01 ± 1.40 a



	P3
	10.37 ± 0.90 b
	11.04 ± 0.96 b
	10.03 ± 0.87 b
	14.02 ± 1.36 a



	P4
	10.14 ± 0.88 b
	10.78 ± 0.88 b
	10.05 ± 0.88 b
	13.85 ± 1.29 a



	P5
	10.71 ± 1.11 b
	10.54 ± 1.18 b
	9.81 ± 0.86 b
	13.35 ± 1.16 a



	P6
	10.59 ± 1.05 b
	11.68 ± 1.02 b
	10.29 ± 1.07 b
	14.13 ± 1.23 a
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Table 2. Effects of different P treatments on the key enzymes involved in the biosynthesis and degradation of sucrose in roots and shoots of green bean plants at the end of the experiment. n = 6. Means ± standard deviation within columns with different lower-case letters are significantly different at p < 0.05 (one-way ANOVA and LSD tests).
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Sucrose Biosynthesis

	
Sucrose Degradation




	
Treatments

	
SPS

(µmol Sucrose

mg−1 prot. h−1)

	
F1,6BPase

(µmol Pi

mg−1 prot. min−1)

	
SS

(µmol Sucrose

mg−1 prot. h−1)

	
Acid Invertase

(µmol Glucose

mg−1 prot. h−1)

	
Alkaline Invertase

(µmol Glucose

mg−1 prot. h−1)






	
Roots

	

	

	

	

	




	
P1

	
5.02 ± 0.44 c

	
77.16 ± 6.73 d

	
3.62 ± 0.32 c

	
216.30 ± 18.86 b

	
229.00 ± 19.96 d




	
P2

	
5.17 ± 0.45 c

	
86.64 ± 7.55 d

	
3.39 ± 0.30 c

	
222.90 ± 19.92 b

	
234.80 ± 20.47 d




	
P3

	
8.79 ± 0.77 a

	
226.10 ± 19.71 a

	
6.14 ± 0.54 a

	
272.60 ± 23.76 a

	
411.10 ± 35.84 a




	
P4

	
6.04 ± 0.53 b

	
165.80 ± 14.45 b

	
4.29 ± 0.37 b

	
300.61 ± 26.21 a

	
452.90 ± 39.48 a




	
P5

	
3.73 ± 0.40 d

	
121.10 ± 10.56 c

	
2.87 ± 0.24 c

	
238.82 ± 20.82 b

	
342.20 ± 29.83 b




	
P6

	
4.17 ± 0.36 d

	
70.18 ± 6.12 d

	
2.97 ± 0.26 c

	
166.81 ± 14.54 c

	
272.82 ± 23.78 c




	
Shoots

	

	

	

	

	




	
P1

	
4.27 ± 0.37 c

	
84.03 ± 7.33 d

	
3.51 ± 0.31 c

	
46.87 ± 4.09 b

	
155.10 ± 13.52 a




	
P2

	
4.56 ± 0.40 c

	
108.80 ± 10.36 c

	
3.22 ± 0.28 c

	
21.63 ± 1.89 c

	
96.18 ± 8.38 b




	
P3

	
7.47 ± 0.65 a

	
179.70 ± 15.67 a

	
5.76 ± 0.50 a

	
14.39 ± 1.25 e

	
37.54 ± 3.27 e




	
P4

	
6.60 ± 0.40 b

	
127.60 ± 11.12 b

	
4.43 ± 0.39 b

	
17.65 ± 1.54 d

	
59.10 ± 5.15 d




	
P5

	
4.17 ± 0.36 c

	
107.90 ± 9.41 c

	
3.70 ± 0.32 c

	
55.34 ± 4.82 a

	
77.40 ± 6.88 c




	
P6

	
4.42 ± 0.30 c

	
105.01 ± 9.15 c

	
3.31 ± 0.29 c

	
59.72 ± 5.21 a

	
± 7.12 c
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Table 3. Effects of different P treatments on total, inorganic, organic and the organic P/inorganic P ratio in roots, shoots, pods, and seeds of green bean plants at the end of the experiment. n = 6. Means ± standard deviation within columns with different lower-case letters are significantly different at p < 0.05 (One-way ANOVA and LSD tests).
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	Treatments
	Total P

(mg 100 g−1 DW)
	Inorganic P

(mg 100 g−1 DW)
	Organic P

(mg 100 g1 DW)
	Organic P/Inorganic P





	Roots
	
	
	
	



	P1
	247.64 ± 22.18 f
	86.67 ± 8.17 f
	164.38 ± 16.21 d
	0.53 ± 0.04 e



	P2
	531.85 ± 50.23 e
	228.61 ± 21.43 e
	303.59 ± 30.32 c
	0.75 ± 0.06 d



	P3
	686.31 ± 64.25 d
	329.42 ± 29.64 d
	357.98 ± 33.60 c
	0.92 ± 0.08 c



	P4
	953.82 ± 90.47 c
	476.90 ± 44.58 c
	477.76 ± 39.52 b
	1.00 ± 0.09 c



	P5
	1407.91 ± 141.22 b
	814.58 ± 79.28 b
	593.19 ± 45.44 a
	1.35 ± 0.06 b



	P6
	1655.56 ± 153.28 a
	991.82 ± 80.22 a
	664.58 ± 65.27 a
	1.49 ± 0.07 a



	Shoots
	
	
	
	



	P1
	167.08 ± 14.49 f
	50.12 ± 4.72 f
	117.11 ± 13.59 d
	0.43 ± 0.04 d



	P2
	354.12 ± 29.91 e
	141.64 ± 11.94 e
	213.06 ± 21.74 c
	0.66 ± 0.06 c



	P3
	449.02 ± 38.90 d
	188.59 ± 16.87 d
	261.76 ± 25.96 c
	0.72 ± 0.06 c



	P4
	815.52 ± 79.88 c
	375.14 ± 31.46 c
	440.10 ± 34.79 b
	0.85 ± 0.08 b



	P5
	1218.13 ± 114.11 b
	596.88 ± 57.66 b
	622.26 ± 59.01 a
	0.96 ± 0.08 b



	P6
	1539.16 ± 145.45 a
	769.58 ± 71.17 a
	570.87 ± 56.64 a
	1.35 ± 0.11 a



	Pods
	
	
	
	



	P1
	144.52 ± 11.78 f
	40.46 ± 3.94 f
	104.46 ± 9.19 e
	0.39 ± 0.04 d



	P2
	206.99 ± 19.57 e
	74.51 ± 6.94 e
	132.88 ± 14.04 d
	0.56 ± 0.06 c



	P3
	343.67 ± 25.97 d
	134.02 ± 10.87 d
	209.60 ± 19.76 c
	0.64 ± 0.05 c



	P4
	526.20 ± 49.78 c
	231.53 ± 19.88 c
	294.71 ± 29.03 b
	0.79 ± 0.06 b



	P5
	1021.42 ± 100.11 b
	439.84 ± 40.26 b
	582.63 ± 58.18 a
	0.75 ± 0.06 b



	P6
	1265.17 ± 111.25 a
	594.63 ± 47.07 a
	671.43 ± 69.42 a
	0.89 ± 0.07 a



	Seeds
	
	
	
	



	P1
	295.59 ± 21.49 f
	70.93 ± 6.44 e
	225.02 ± 25.59 e
	0.32 ± 0.02 a



	P2
	486.67 ± 40.46 e
	107.06 ± 8.90 d
	379.33 ± 39.01 d
	0.28 ± 0.02 b



	P3
	679.62 ± 62.93 d
	135.92 ± 10.43 c
	544.94 ± 59.96 c
	0.25 ± 0.02 b



	P4
	977.44 ± 89.79 c
	175.93 ± 13.88 b
	802.51 ± 79.98 b
	0.22 ± 0.02 c



	P5
	1394.81 ± 101.15 b
	195.27 ± 16.86 b
	1200.47 ± 115.18 a
	0.16 ± 0.01 d



	P6
	1623.41 ± 103.45 a
	241.04 ± 19.97 a
	1383.57 ± 126.72 a
	0.17 ± 0.01 d
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Table 4. Effects of different P treatments on lipidic P, proteic P, RNA-P and DNA-P in roots, shoots, pods and seeds of green bean plants at the end of the experiment. n = 6. Means ± standard deviation within columns with different lower-case letters are significantly different at p < 0.05 (One-way ANOVA and LSD tests).
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	Treatments
	Lipidic P

(mg 100 g−1 DW)
	Proteic P

(mg 100 g−1 DW)
	RNA-P

(mg 100 g−1 DW)
	DNA-P

(mg 100 g−1 DW)





	Roots
	
	
	
	



	P1
	34.63 ± 3.17 e
	17.33 ± 1.70 f
	24.76 ± 2.19 e
	19.81 ± 1.18 e



	P2
	69.11 ± 5.45 d
	21.26 ± 2.23 e
	47.84 ± 4.55 d
	37.21 ± 2.83 d



	P3
	82.35 ± 7.42 c
	27.45 ± 2.54 d
	54.90 ± 5.60 d
	41.17 ± 3.59 d



	P4
	95.37 ± 8.26 c
	47.68 ± 4.06 c
	85.94 ± 7.92 c
	57.22 ± 4.58 c



	P5
	135.70 ± 12.01 b
	60.31 ± 5.38 b
	135.70 ± 12.12 b
	75.39 ± 7.39 b



	P6
	170.79 ± 14.19 a
	83.77 ± 8.22 a
	170.79 ± 13.54 a
	93.77 ± 7.23 a



	Shoots
	
	
	
	



	P1
	25.06 ± 1.84 f
	13.36 ± 1.31 e
	18.37 ± 1.59 e
	15.03 ± 1.07 e



	P2
	42.49 ± 3.24 e
	14.16 ± 1.40 e
	35.41 ± 3.04 d
	28.32 ± 1.97 d



	P3
	58.37 ± 4.64 d
	22.45 ± 2.01 d
	40.41 ± 3.96 d
	31.43 ± 2.09 d



	P4
	89.70 ± 7.88 c
	48.93 ± 4.08 c
	81.55 ± 7.88 c
	57.08 ± 4.86 c



	P5
	121.81 ± 11.01 b
	73.08 ± 6.86 b
	121.81 ± 11.18 b
	85.26 ± 8.04 b



	P6
	169.30 ± 14.07 a
	107.73 ± 10.07 a
	153.91 ± 12.89 a
	107.73 ± 9.26 a



	Pods
	
	
	
	



	P1
	20.23 ± 1.44 d
	13.00 ± 1.04 e
	15.89 ± 1.35 f
	14.45 ± 1.49 f



	P2
	22.76 ± 1.24 d
	14.48 ± 1.11 e
	20.69 ± 1.86 e
	18.62 ± 1.71 e



	P3
	41.23 ± 3.87 c
	27.49 ± 2.57 d
	34.36 ± 2.96 d
	30.92 ± 2.80 d



	P4
	47.35 ± 4.18 c
	47.35 ± 3.88 c
	57.88 ± 5.08 c
	47.35 ± 4.02 c



	P5
	81.71 ± 6.86 b
	91.92 ± 8.81 b
	112.35 ± 10.16 b
	91.92 ± 9.01 b



	P6
	139.16 ± 12.14 a
	111.21 ± 9.99 a
	126.51 ± 11.41 a
	111.21 ± 9.55 a



	Seeds
	
	
	
	



	P1
	23.64 ± 1.51 f
	11.82 ± 0.94 e
	17.73 ± 1.04 f
	11.82 ± 1.12 e



	P2
	34.06 ± 2.14 e
	19.46 ± 1.52 d
	29.19 ± 2.04 e
	24.33 ± 2.01 d



	P3
	47.57 ± 3.95 d
	27.18 ± 2.17 c
	40.77 ± 3.47 d
	33.98 ± 2.90 c



	P4
	78.19 ± 6.18 c
	48.87 ± 4.47 b
	55.64 ± 5.13 c
	58.64 ± 4.63 b



	P5
	97.63 ± 8.24 b
	55.79 ± 5.16 b
	69.73 ± 6.18 b
	69.73 ± 6.11 b



	P6
	133.63 ± 11.17 a
	69.93 ± 5.57 a
	88.16 ± 7.54 a
	84.16 ± 7.45 a
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Table 5. Relationship between the different forms of P and the concentration of P supplied to the nutrient solution.
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	Regression Equation
	R2





	Organic P = 0.13 P + 1.21
	0.94



	Lipidic P = 0.09 P + 0.31
	0.97



	Proteic P = 0.07 P − 0.15
	0.97



	RNA-P = 0.09 P − 0.04
	0.99



	DNA-P = 0.07 P + 0.10
	0.99



	Phytates = 0.03 P + 0.02
	0.92
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