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The most important environmental source of boron (B) contamination is irrigation water. The data on the effect of B on the elemental composition in the edible parts of vegetables are scarce. A greenhouse pot experiment investigated the effect of irrigation water containing 0.1 and 0.5 mg/L B on the biomass, elemental (e.g., B, Mg, K, Fe, Cu, and Zn) composition, and photosynthetic parameters of tomato (Solanum lycopersicum), green bean (Phaseolus vulgaris), potato (Solanum tuberosum), and cabbage (Brassica oleracea) plants grown on 10 kg of sand, silty sand, or silty soil. The biomass of the edible part was unaffected by B treatment. The soil type determined the effect of B irrigation on the elemental composition of vegetables. The B content increased by 19% in tomatoes grown on silty soil. The 0.1 mg/L B treatment facilitated tomato fruit ripening on all soils, and the 0.5 mg/L B treatment doubled its chlorophyll content index (CCI) on silty soil. The 0.5 mg/L B treatment negatively affected the nutritional value of green beans on all soils, decreasing the Fe and K contents by an average of 83 and 34%, respectively. The elemental composition of potato was unaffected by the treatments, but the CCI of potato leaves increased in the 0.5 mg/L B treatment by 26%. The B content was increased by 39% in cabbages grown on light-textured soils. In conclusion, B concentration of up to 0.5 mg/L in irrigation water had no significant beneficial or adverse effect on the investigated vegetables, but 0.1 mg/L B treatment could shorten tomato fruit maturation time on B-poor soils. The B levels in vegetables remained suitable for human consumption.
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INTRODUCTION

The three quality criteria for irrigation water are decisive for the potential threat to crop production, namely, salinity, sodicity, and toxicity. Regarding the third criterion, the main characteristic water components that may cause adverse physiological effects in plants are chloride and boron (B; Rhoades, 1972). On the one hand, the application of B-rich irrigation water (B irrigation) is a global issue and the most important B pollution source in the environment (Türker et al., 2019). On the other hand, a study by FAO revealed that B deficiency is a worldwide problem, affecting about 8 million ha (Tariq and Mott, 2007).

Boron (B) is both a potential hazard and an essential micronutrient for vascular plants. It is not classified as an essential nutrient in the human diet (Naghii et al., 1996; Rainey et al., 1999), but B deficiency affects the skeleton and brain physiology and modifies the metabolism of several nutrients (Nielsen, 1996). The daily intake ranges from 0.02 to >9 mg/day; the consumption of B above 10 mg/day may be toxic (Rainey et al., 1999; EFSA, 2018), but an intake of at least 1 mg B/day is recommended (Nielsen, 1997). The major B sources are legumes, fresh vegetables, and fruits (Naghii et al., 1996).

In plants, B deficiency causes biochemical, physiological, and anatomical aberrations. B plays a role in carbohydrate transport, cell wall and membrane synthesis and function, nucleic acid and hormone metabolism, and the growth of the apical meristem (Howe, 1998; Bolaños et al., 2004; Pereira et al., 2021). Of all the nutrients, B has the narrowest optimal concentration in a range between toxicity and deficiency (Rees et al., 2011). The tolerance of plants to B is highly dependent on soil properties and irrigation management, which influence the availability of B (Bingham, 1973). Vascular plants absorb B mostly by passive diffusion, especially in the case of adequate or high availability of B. Under these circumstances, the absorption of B is mostly determined by the B concentration in the soil solution and the transpiration rate. However, if the availability of B is low, the transportation of active membrane will also occur in the plants (Dannel et al., 2002).

For plants, the main source of B is the soil, the B content of which depends mostly on the elemental composition of the parent material. The total B concentration in soils ranges from 1 to 467 mg/kg, with an average value of 9–85 mg/kg. B may be adsorbed on either organic or inorganic surfaces in the soil, but these bonds are weak (Kabata-Pendias and Pendias, 2001). In addition, B in mineral forms is not readily available for plants (Nable et al., 1997). In soils with higher CaCO3 content and pH value, B is less available for plants, probably due mainly to the pH that facilitates the formation of the tetrahedral anionic form of boric acid (Goldberg, 1997; Parks and Edwards, 2005). Soils with high organic matter (OM) content and a pH of less than 7.3 may contain more available B than that is required for plant nutrition (Berger and Truog, 1939). The soil texture, moisture content, and temperature also affect the availability of B. The higher soil clay content results in a higher adsorption capacity of B, which increases with increasing pH and reaches its maximum at pH 8 (Goldberg, 1997). Thus, the addition of B with irrigation water may influence the elemental composition and growth of plants in different ways on different soils.

The amount of B available in the soil determines the plant uptake of B, which in turn influences the elemental composition of the plant and thus the nutritional value of edible plant parts. The data on the B tolerance of various crops are available in the literature, but information on the effect of B irrigation on elemental composition, and hence, the nutritional value of edible plant parts is scarce. The other shortcoming of the available literature is that most experiments were performed under hydroponic conditions or on artificial growth media, thus preventing investigations on the effect of soil properties that may modify the availability of B. Parks et al. (1944) found that, on quartz sand, the elemental composition of tomato leaves changed as a function of B supplies. The sign of changes in element contents of plants was dependent on the soil B concentration. Eggert and von Wirén (2016) demonstrated that B fertilization may improve the microelement uptake of oilseed rape seedlings in growth media that are poor in B. Tariq and Mott (2006) reported the increases in the concentration of B, Zn, and Cu and the decreases in Fe, Mn, and Mo in radish plants that are grown on acid-washed sand as the B concentration of the nutrient solution rose. The leaves of tobacco grown on peat growth medium showed an increase in Mn and Fe concentration and a decrease in Cu and Zn concentration as a function of the B concentration in the irrigation water (López-Lefebre et al., 2002). The effect of B irrigation on the elemental concentration of maize grown on quartz sand was also demonstrated by Mozafar (1989). Choi et al. (2015) found that insufficient B supplies reduced the Ca content of tomato fruit clusters in water culture after 36 days. Dursun et al. (2010) also investigated the effect of B fertilization on tomato, but this study focused on the elemental composition of the vegetative parts of the plant. Similarly, Eraslan et al. (2007) studied the effect of toxic amounts of B on the vegetative parts of tomatoes on soil media and showed an increase in N, P, and K contents in the plant in parallel with the decrease in biomass. Ghasemidehkordi et al. (2018) studied the B content of leafy vegetables and irrigation water in Iran but did not examine the relationship between these parameters. Lucho-Constantino et al. (2005) studied the effect of irrigation with wastewater with high B concentration in a sample area in Mexico, which showed the risk posed by B, but did not examine the direct relationship between the B content of irrigation water and the elemental composition of plants.

This study aimed to investigate the effect of B irrigation on the elemental composition and the B accumulation in the edible parts in four vegetables (i.e., tomato, potato, cabbage, and green bean) grown on soils of different textural classes. The possible toxicity effect of the treatments was monitored by measuring photosynthetic parameters. The B concentration in the irrigation water (0.1 and 0.5 mg/L) was chosen to avoid acute toxicity and to reveal the effects of B in physiologically healthy plants. These concentrations are below the B threshold values for irrigation water in most countries (Jeong et al., 2016). According to the study by Bingham (1973), potato and tomato can be considered as semi-tolerant plants of B, being able to tolerate up to 5 mg/L B in the soil solution without negative effects. Cabbage can tolerate B concentrations of up to 10 mg/L. No data appear in the studies available in the literature on the B tolerance of green bean. Wilcox (1960) suggested the critical concentrations of 1–2 and 2–4 mg B/L in the irrigation water for semi-tolerant and tolerant plants, respectively. However, these values are highly dependent on soil properties and irrigation management, which influence the availability of B.

In the study by Fernandez-Jaramillo et al. (2012), chlorophyll fluorescence (Fv/Fm) imaging and the chlorophyll content index (CCI) were used to determine the changes in photosynthetic processes, which are the indicators of plant health and B phytotoxicity, but the reports on the use of quantum efficiency of photosystem II (PSII) photochemistry to determine the toxicity of different B concentrations in tissues are still rare. Most of the studies in the literature focus on the plant physiological processes caused by B deficiency or discuss the simultaneous application of B and other microelements and macroelements (Chapman et al., 1997; Herrera-Rodríguez et al., 2010). Moreover, most of the studies were performed in a hydroponic system. The Fv/Fm ratio significantly decreased in plants due to the effect of B toxicity (Guidi et al., 2011; Landi et al., 2012). The Fv/Fm reduction could be caused by the structural damage in thylakoid membranes, changing the electron transport and inhibiting the photoassimiliation. The photoinhibition is also amplified by the reduction in stomatal conductance under B loading. The stress-induced changes in the quantity and composition of photosynthetic pigments caused variations in the optical features of leaves and plant chlorophyll content, which are the indicators of phytotoxicity (Füzy et al., 2019).

The questions raised in this study were as follows: (i) Does the B concentration of the irrigation water influence the B concentration of plants and the transfer of B from soil to plants and within the plants on different soils? (ii) Does B concentration in irrigation water influence some parameters of the photosynthetic system and biomass of plants grown on different soils? (iii) Does the B concentration of the irrigation water influence the elemental composition of the edible parts of vegetables grown on different soils?



MATERIALS AND METHODS


Experimental Setup

The effect of irrigation with a B solution was investigated in a pot experiment conducted in a greenhouse with two open sides at the Experimental Station of the Centre for Agricultural Research in Őrbottyán, Hungary, using 10-L pots with four holes (Ø 0.5 cm) in the bottom so that leached water could flow out (Dobosy et al., 2020). The bottom of each pot was filled with a 1-cm layer of gravel (4–8 mm) covered with a fine synthetic fiber fabric on which 10 kg of soil was placed (Dobosy et al., 2020). The three topsoils (0–20 cm) investigated were as follows: sand [Mollic Umbrisol (Arenic) from Őrbottyán], silty sand (Luvic Calcic Phaeozem from Gödöllő), and silty soil (Calcic Chernozem from Hatvan). The soil properties are shown in Table 1. The total number of pots was measured as follows: three soils × two B doses (i.e., 0.1 and 0.5 mg B/L; actual measured concentrations were 0.134 and 0.506 mg B/L, respectively) + control (i.e., tap water; actual measured B concentration: 0.023 mg B/L) × 4 plant species × 3 replications = 108. The test plants were tomatoes (e.g., Solanum lycopersicum, cv. Mano; ZKI), green beans (e.g., Phaseolus vulgaris, cv. Golden Goal; Réde), potatoes (e.g., Solanum tuberosum L. cv. Balatoni rózsa), and cabbages (e.g., Brassica oleracea L. var. capitata cv. Zora; Réde). Before the pot experiment was set up, tomato and cabbage seeds and potato tubers were germinated and planted in propagation trays (i.e., 1 seed or tuber/cell) filled with VEGASCA Bio vegetable organic growing medium (i.e., mixture of peat and gray cattle manure compost; OM > 50%; N > 0.3%; P2O5 > 0.1%; K2O > 0.1%; pH of 6.8). The seedlings were cultivated in a random arrangement in a growth chamber for 22 days at day/night temperatures and photoperiods of 26/18°C and 16/8 h, respectively, with a photon flux density of 500 μmol/m2/s and relative humidity of 50–70%. The seedlings were irrigated weekly with 60-ml tap water. The soil-free seedlings were then transplanted into the experimental plastic pots (1 seedling/pot) after a 6-day acclimatization period in the greenhouse. The germinated seeds of green beans were planted directly into the experimental soils (1 seed/pot).



TABLE 1. Selected properties of the applied soils.
[image: Table1]

The irrigation water was delivered using individual drip stakes placed in each pot. After planting the seedlings were irrigated with tap water for 3 weeks, but during the growing period, all the plants (including the control) were watered weekly with Hoagland solution (200 ml/pot). Irrigation with B solution (H3BO3 diluted with tap water) started 3 weeks after planting. The tap water was stored in 0.5 m3 tanks (i.e., separate tanks for each irrigation solution) before applying in order to reduce the chlorine concentration. The daily volume of irrigation water was adjusted to the water requirements of the plant species. A monitoring system (Sensor: Decagon EC-5) installed at a depth of 10 cm measured the soil moisture content every hour. The irrigation system delivered the set amount of water at 7 am every day. The irrigation details can be found in Table 2.



TABLE 2. Irrigation parameters in the greenhouse.
[image: Table2]

The experimental area received natural light in a greenhouse, where the climate data (i.e., mean day and night temperature, air humidity, and photon flux density of photosynthetically active radiation) were continuously monitored during the growing period (Table 3). Pesticides were applied as necessary.



TABLE 3. Greenhouse parameters during the growing period.
[image: Table3]



Chemical Analysis

The plants were harvested and cleaned with deionized water, after which the root, shoot (stem + leaf), and fruit were separated, and the fresh weight (FW) of the plant parts was measured. The shoot and root samples were dried at 40°C for 2 days in a laboratory dryer, while tomato, green bean, and potato fruit samples were freeze-dried at −70°C in Christ Alpha 1 equipment (Martin Christ Gefriertrocknungsanlagen GmbH, Germany; 200 Pa for 72 h), after which the dry mass of the samples was determined. All the samples were homogenized in a household blending machine equipped with plastic housing and a stainless-steel blade. The dried, homogenized samples were mineralized in a microwave-assisted acid digestion system (TopWave, Analytik Jena, Germany). Twelve PTFE bombs were used, 1 for the blank and 11 for the samples, and the blank was measured each time. Dried plant samples (400–500 mg) were digested in a mixture of 7 cm3 67% HNO3 and 3 cm3 30% H2O2. After digestion, the internal standards were added to the solutions and the volume was made up to 15 cm3 with deionized water. The concentrations of B, macroelements, and microelements were measured by inductively coupled plasma mass spectrometer (ICP-MS).

After removing plant residues, the soil samples were dried and sieved through a 2-mm size mesh. The pseudo-total B, K, and P contents of soil samples were determined after digestion with aqua regia in a microwave Teflon bomb (MSZ-21470-50, 2006). The plant-available B fraction of soil samples was measured in 0.5 M NH4 acetate + 0.02 M ethylenediaminetetraacetic acid (EDTA) extract (Lakanen and Erviö, 1971). The plant-available P and K contents were determined in ammonium acetate–lactate (AL) extract (AL-P2O5 and AL-K2O; Egnér et al., 1960). The element contents were measured using the ICP-MS method. The operating conditions of the ICP-MS instrument are summarized in Supplementary Table 1. The total N content was analyzed according to the Kjeldahl method (ISO 11261, 1995), and the mineral N (NH4-N and NO3-N) contents were measured from KCl extracts (MSZ-20135, 1999). The soil pH was measured according to the Hungarian Standard (MSZ-08-0206/2, 1978) in a soil:water suspension of 1:2.5 after mixing for 12 h. Soil OM content was determined using the modified Walkley–Black method (MSZ-08-0452, 1980). The soil CaCO3 content was measured by the Scheibler gas-volumetric method (MSZ-08-0206/2, 1978), and the cation exchange capacity (CEC) values were measured by the modified method of Mehlich (MSZ-08-0215, 1978).



Translocation Coefficient

The translocation coefficient (TC) has been calculated according to Wang et al. (2017). Three steps of translocation have been defined as follows: (i) from soil to root (root/soil total B content including the B added with irrigation); (ii) from root to shoot (shoot/root B content); and (iii) from shoot to fruit (fruit/shoot B content).



Quantum Efficiency of PSII Photochemistry and CCI

The CCI values of potato, tomato, green bean, and cabbage cultivars were measured at the harvesting stage. The CCI values of the youngest adult leaves were determined in situ using a CCM-200 plus Chlorophyll Content Meter (Opti-Sciences, Hudson, NY, United States) and calculated from the average of three measurements per plant. The quantum efficiency (Fv/Fm) of PSII photochemistry was measured with Os30p+ handheld chlorophyll fluorometer (Opti-Sciences). To indicate the potential stress caused in the crops by B treatment, Fv/Fm ratios were measured after 15-min dark adaptation.



Statistical Analysis

The data were analyzed for treatment effects using factorial analysis of variance (ANOVA) and Tukey’s post hoc test. The variance was calculated for soil type and B concentration of the irrigation water. Significant differences between the treatments were calculated at the p < 0.05 level. Statistica version 13 (Statsoft Inc, Palo Alto, CA, USA) software was used for all the statistical evaluations. Data visualization was performed with R statistical software (R Core Team, 2019).




RESULTS


Soil Chemical Properties

Regarding their original B contents, the applied soils can be categorized as B-poor soils as they are in the low end of the natural concentration range (Kabata-Pendias and Pendias, 2001). As a result of irrigation, the total B concentration did not change in the soils. The plant-available B content increased as a function of the B concentration in the irrigation water, but this change was only significant in the case of cabbages, green beans, and tomatoes cultivated on sandy soil (Supplementary Table 2). The pH and plant-available N, P, and K contents did not change significantly during the experiment as a function of the B concentration in the irrigation water.



Plant Biomass

Based on the biomass values, none of the irrigation water was toxic to the plants. In the case of tomatoes and potatoes, the treatment did not influence the biomass of the plant organs (i.e., root, shoot, and fruit/tuber; Supplementary Table 3). The average FW of tomato fruit was 306 ± 77 g/plant and the dry weight (DW), 19.8 ± 4.6 g/plant. The shoot and root biomass were 26.3 ± 5.5 g and 3.23 ± 0.53 g DW, respectively. The average FW of potato tuber was 179 ± 19 g/plant and its average DW was 34.2 ± 4.4 g/plant, while the average shoot and root DW were 9.38 ± 1.07 g/plant and 2.7 ± 0.6 g/plant, respectively. Neither FW nor DW of the green bean fruits nor the shoot DW (100 ± 23 g/plant, 10.6 ± 3 g/plant, and 12.3 ± 1.8 g/plant, respectively) changed as a function of B treatment on any soil. The dry biomass of green bean roots was also unaffected by B irrigation, being 4.1 ± 0.8 g/plant on sandy soil and 1.84 ± 0.17 g/plant on the other two soils. The irrigation and soil-type combinations did not modify the biomass of cabbage leaves (520 ± 48 g FW/plant and 53 ± 8.4 g DW/plant), but the root DW was increased from the control value of 1.95 g/plant to 4.50 g/plant, applying 0.5 mg B/L irrigation water on sandy soil.



Quantum Efficiency of PSII Photochemistry and CCI

No visible toxic symptoms were observed on B-irrigated plants compared with the control plants (Table 4). The Fv/Fm ratio of potato, cabbage, and tomato leaves ranged from 0.667 to 0.83, which was not significantly affected by either the soil type or the B treatment. The lowest Fv/Fm values were measured in the control potato cultivated on sand and the highest values were measured in cabbages grown on silty soil in the control treatment.



TABLE 4. Chlorophyll content index (CCI) and quantum efficiency of PSII photochemistry (Fv/Fm) of investigated plants.
[image: Table4]

Chlorophyll content index was proved to be a more sensitive indicator of the effect of B treatments than Fv/Fm. In comparison with the control, both doses of B significantly increased the CCI value in potatoes on silty soil. Potatoes had significantly higher CCI on silt than on silty sand or sand. On silty soil, the 0.5 mg/L B treatment caused a significant increase in the CCI value of tomato compared with the control. The CCI of cabbage leaves was not affected either by different B doses or by soil type. In the case of green beans, the highest CCI values were observed on silty sand.



Element Content in Edible Parts

The boron treatment had a significant effect on the elemental composition of the edible part of the plants. The B content in the edible parts increased in all the plant species as a result of increasing B concentration in the irrigation water, but in most cases, this change was not significant. The soil type influenced the effect of B irrigation on the element content of edible parts.

In the case of tomatoes, irrigation with B-rich water affected the content of all the elements tested, though the B content of fruit increased significantly (by 18%) only on silty soil in the 0.5 mg B/L treatment (Figure 1). On sand and silt substrate, the Mg content in the tomato fruit increased by the B concentration of irrigation water, being 36% higher than the control in the 0.5 mg B/L treatment on sand and 44% higher on silty soil. Only the K content of tomato changed on sand and silty sand as a result of the B treatments, with average decreases of 12 and 18% compared with the control. The Fe content of tomato fruit tripled on sandy soil and doubled on silty sand and silty soil in the 0.1 mg B/L treatment. However, in the 0.5 mg B/L treatments, the Fe content remained at the control level on sandy soil, while it decreased significantly on silty sand and silty soil compared with the control. The Cu content of tomato fruit was only affected by B irrigation on sandy soil, where the Cu content diminished by 33% on average. In contrast, the Zn content in tomato fruit increased significantly in the B treatments on sandy and silty soil by 75 and 50%, respectively. Tomato was the only vegetable studied whose Zn content was increased by the B treatment.

[image: Figure 1]

FIGURE 1. Element contents in tomato fruit in different irrigation water treatments on sand, silty sand, and silty soil (mg/kg DW). The data are means of the replicates. Different letters (a–g) indicate significant differences between treatments (p < 0.05).


The B content in green beans increased as a function of the B treatments, but this change was not significant (Figure 2). Significant changes were recorded only after B irrigation in Mg, K, and Fe. The Mg content decreased on all the soils, but the change was significant only in the 0.1 mg B/L treatment on silty soil (24%). The K content decreased significantly on every soil as a result of B treatment, but there was no difference between the effect of the two B doses, the reduction being 29, 33, and 40% compared with the control on sand, silty sand, and silty soil, respectively. The Fe content in green beans was also negatively affected by B irrigation, decreasing by 75, 83, and 90% on sand, silty sand, and silty soil, respectively, in the 0.5 mg B/L water treatment compared with the control. The Cu and Zn contents of green beans were unaffected by the B treatments.

[image: Figure 2]

FIGURE 2. Element contents in green bean fruit in different irrigation water treatments on sand, silty sand, and silty soil (mg/kg DW). The data are means of the replicates. Different letters (a–d) indicate significant differences between treatments (p < 0.05).


Among the species tested, the elemental composition in the edible part of potatoes was the least affected by B irrigation (Figure 3). The B content in potato tubers increased as a function of B treatment on every soil, but this change was not significant. Similarly, Mg and K contents also increased on lighter textured soils, but this change was not significant either. B treatment had a negative effect on the Fe content on silty soil, with an average decrease of 56%. The only other element significantly influenced by the B treatment was Cu, which exhibited a 55% increase in the 0.1 mg B/L treatment on silty sand compared with the control. There was no change in the Zn content of potato tuber as a function of B treatments.

[image: Figure 3]

FIGURE 3. Element contents in potato tuber in different irrigation water treatments on sand, silty sand, and silty soil (mg/kg DW). The data are means of the replicates. Different letters (a–e) indicate significant differences between treatments (p < 0.05).


Boron treatment significantly influenced the B, Mg, K, Fe, and Cu contents of cabbage leaves (Figure 4), but the changes were highly dependent on the soil type. The concentration of B of the irrigation water influenced the elemental composition to the greatest extent on sand and silty sand. B, Mg, Fe, and Cu were influenced by B treatment on sandy soil, B, Mg, and K on silty sand, and only Fe on silty soil.

[image: Figure 4]

FIGURE 4. Element contents in cabbage leaf in different irrigation water treatments on sand, silty sand, and silty soil (mg/kg DW). The data are means of the replicates. Different letters (a–d) indicate significant differences between treatments (p < 0.05).


The increase in B content of cabbage leaves in the 0.5 mg B/L treatments was 34 and 39% on sand and silty sand, respectively. An increase of 19% was also observed on silty soil, but this was not significant. On sandy soil, B treatment significantly decreased the Mg content of cabbage leaves (by 14%), while on silty sand and silt, the opposite trend was observed, with a 22 and 8% increase in the 0.5 mg B/L treatment compared with the control, respectively. Although this change in the silty soil was not statistically significant, only the K content in the leaves increased by 20% on silty sand in the 0.5 mg B/L water treatment compared with the control. The K content also increased on silty soil as a function of the B treatment, but the 12% change was not significant. The sign of the change in Fe content varied with the soil type. On sandy soil, it decreased by 28% in the 0.1 mg B/L treatment, but on silty sand, it increased by 30% in the 0.5 mg B/L treatment compared with the control. There was a significant decrease of 28% in the Cu content of cabbage leaves as a result of the 0.1 mg B/L treatment, but Zn was unaffected by the B irrigation on any of the soils.



Boron Translocation

The root/soil B translocation was higher on sandy soil (3.8 on average) than on silty sand (2 on average) and silt (1.4 on average) for all the plant species (Table 5). If TC is higher than 1, it means that B accumulates in the given plant part (Sasmaz, 2008). In the case of green beans, the B concentration in the irrigation water did not influence the root/soil TC on any soil. The B translocation to cabbage roots was significantly higher in the 0.1 mg B/L water treatment (2.9) than in the control (2.2) or the 0.5 mg B/L water treatment (2.0) on silty sand. In the case of tomatoes, the 0.1 mg B/L concentration resulted in the lowest root/soil TC on all three soils (1.4 on average). Potatoes had the highest root/soil TC values on average (3.1). The B treatment caused only a significant increase in the potato root/soil TC on sandy soil, from 3.9 (control) to an average value of 5.1 in the B treatments.



TABLE 5. Translocation coefficients of B between soil and plant and between different plant parts.
[image: Table5]

The soil type did not influence the shoot/root TC value, which was higher than 1 for all the species, indicating the accumulation of B in the shoot. The shoot/root TC values increased as a function of the B concentration in the irrigation water for all the species on all the soils, but this change was not always significant. The shoot/root TC for tomatoes was 37% higher on average in the B treatments than in the control on every soil. For green bean plants, the shoot/root TC significantly increased as a result of the 0.5 mg B/L treatment compared with the control on sand (2.8 times) and silty sand (1.8 times). For potatoes, the B concentration of the irrigation water did not cause any difference in the B translocation from root to shoot. In the case of cabbages, the 0.5 mg B/L treatment resulted in 1.4 times higher shoot/root TC compared with the control on silty sand, but on other soils, there was no significant increase. Based on the average shoot/root TC values, all three plant species can be considered as B accumulators. Tomatoes accumulated the most B in the shoot compared with the root, followed by potatoes, green beans, and cabbages. The average transfer values were 3.6, 2.9, 1.9, and 1.3, respectively.

The fruit/shoot TC values were below 1, showing that B was not accumulated in the edible parts of tomatoes, potatoes, and green beans.




DISCUSSION


Biomass

Boron may either increase or decrease plant yield depending on the circumstances. In this study, the B irrigation had no toxic effect on the plants under the given conditions. One specific symptom of B toxicity is a decrease in leaf and root biomass (Roessner et al., 2006; Turan et al., 2009), which was not observed in this experiment. On B-poor soils B fertilization has been reported to increase plant yield (Sarkar et al., 2018), but this was not confirmed in this study probably due to the low amount of the B applied (Singh and Singh, 1990; Ganie et al., 2014).



Photosynthetic Efficiency and CCI

The high concentrations of B in the plant growth medium or in the irrigation water can result in oxidative damage induced by antioxidant enzyme activity. The maximum quantum yield of Fv/Fm significantly decreased in plants exposed to B toxicity (Landi et al., 2012). Guidi et al. (2011) reported that a B concentration of up to 2 mg/L in the irrigation water caused no change in the Fv/Fm values of tomato leaves. When B stress levels were assessed, the chlorophyll fluorescence was found to be inversely proportional to B toxicity in potato cultivars (Ayvaz et al., 2016). In this study, the B treatments did not have a significant effect on Fv/Fm values (Table 4). The optimal Fv/Fm value of all plant species is around 0.8 (Pang et al., 2004). In this experiment, the minimum Fv/Fm values, indicating photoinhibition (0.667–0.718), were observed in the case of potatoes grown on sand.

The CCI values showed no change as a function of B treatments for green beans and cabbages. According to the study of Bingham (1973), cabbages tolerate B without symptoms of phytotoxicity. However, Pandey and Archana (2013) demonstrated that higher B doses (3.3 and 33 mg B/L) may reduce chlorophylls a and b and carotenoids in cabbage leaves. The high concentrations of B (2 and 4 mg B/L) reduced the dry matter, fruit yield, and chlorophyll content of tomatoes (Kaya et al., 2009). In this study, the 0.5 mg/L dose of B had a beneficial effect on the CCI-based chlorophyll content in tomato leaves, which could be attributed to the effect of B on the uptake of microelements, especially Mg (Bohn et al., 2004). The plant physiological measurements indicate that green beans are sensitive to B, which is required for nodule formation and N2-fixation processes in legumes and is essential for Rhizobium-legume signaling and nod-gene expression (Bolanos et al., 1994; Redondo-Nieto et al., 2001). Averaged over each species, the highest CCI values resulted on silty soil, possibly due to the higher concentration of N (Table 1). A close correlation has been reported between leaf chlorophyll content and plant N status in many agricultural crops (Liu et al., 2019; Padilla et al., 2019).



Element Contents

The B content of the vegetables remained in the range of values suitable for human consumption even after the treatments. For the required minimum daily intake (1 mg B/day), either 520 g of green beans, 370 g of cabbages, 770 g of potatoes, or 1,110 g of tomatoes should be consumed. In silty soil, a moderate B increment was observed in tomato fruit. Dursun et al. (2010) also reported a significant 7-fold increment of B in tomato fruit after B fertilization with 0.5 mg/kg soil. The element concentrations measured in tomato fruit were within the range reported by Kelly and Bateman (2010), with the exception of Fe in the 0.1 mg B/L treatment. However, Demir et al. (2010) measured similar Fe concentrations in tomatoes grown on clay loam soil. The Fe content of tomato fruit and leaves changes during the ripening process. In the final stage of fruit ripening, the Fe content increases, so the higher Fe content can indicate more ripped fruit (Chohura et al., 2009; Ramesh et al., 2020). According to this, the 0.1 mg B/L dose may have promoted the ripening process, which is shown by the higher Fe content on each soil in this treatment. However, the 0.5 mg B/L treatment on the sandy soil did not affect the ripening process (i.e., Fe content is equal to the control), while, on the other two soils, the lower Fe content compared with the control may indicate inhibited fruit maturation. The increase in Mg content of tomato fruit as a result of B treatment is consistent with the changes in the vegetative parts of tomatoes observed by Eraslan et al. (2007), but contradictory with the results observed by Dursun et al. (2010). The higher Mg content is favorable, since the presence of sufficient Mg in the human diet reduces the risk of cancer (Gile et al., 2020). The Cu content of tomato fruit was in the same range as detected on non-contaminated soil by Ginocchio et al. (2002), who concluded that the Cu content of tomato fruit is determined by the soil Cu content, pH, and CEC. Since these values were not modified by the irrigation water in this experiment, the decrease in the Cu content on sandy soil could be explained by the effect of B addition. To the best of our knowledge, no information is available about the effect of B on the Cu content of tomato fruit, although B fertilization resulted in higher Cu levels in the vegetative parts of tomato ffruit in the experiment performed by Dursun et al. (2010). The results of this study indicate that the application of B may increase the Zn content of tomato fruit. This effect of B has only been demonstrated in the studies in the literature for tomato shoots (Güneş et al., 1999; Dursun et al., 2010). An increase in the Zn content of tomato fruit would be beneficial, since over 25% of the world population lives with the risk of Zn deficiency (Maret and Sandstead, 2006).

Based on the elemental composition, B treatment decreased the nutritional value of green beans on all three soils. According to the studies by Singh and Singh (1990) and Ganie et al. (2014), the optimal B fertilization of green bean is about 1 kg/ha. This value represents about 3 mg/kg content in the plowed layer, which is about 10 times higher than the B dose in the 0.5 mg B/L treatment (Table 2). The B content recorded in green beans in the 0.5 mg B/L treatment can be categorized as high, since it exceeds the range reported by Beebe et al. (2000) based on 1,000 samples (maximum value: 18 mg/kg). The decrease in the K content of green beans fruit contradicts the results suggested by Ganie et al. (2014), who reported an increase in K content after 0.5–1.5 kg/ha B fertilization. The decrease in the K content is unfavorable, because the recommended intake of K is about four times higher than the average consumption of this element in the current diet (Sebastian et al., 2006). The Fe content decreased to half the average value for beans in 0.5 mg B/L treatment, which is unfavorable from a human nutrition point of view, as Fe deficiency is one of the most common health issues in the world (Beebe et al., 2000; Blanco-Rojo and Vaquero, 2019). No results are available on the effect of B fertilization on the Mg content of green beans, but similar decreases in Mg content have been observed in the vegetative parts of tomatoes, cucumbers, peppers, and tobacco after the application of B to the soil (López-Lefebre et al., 2002; Dursun et al., 2010).

The B treatment had less effect on the elemental composition of potato tubers, which may vary greatly depending on the growth conditions such as soil properties, fertilization, and irrigation, and such variation could not be observed in this experiment (White et al., 2009). Even after the changes caused by the application of B, the Fe and Cu contents of potato tubers were still in the range reported by True et al. (1978).

Among the vegetables studied, the response of cabbages to the B treatment showed the most significant differences as a function of soil type. Although B irrigation influenced the B, Mg, K, Fe, and Cu contents, there was no element on which B had a significant effect on all three soils. The application of B only led to a decrease in the nutritional value of cabbage on sandy soil by diminishing the Fe, Cu, and Mg contents. The vegetables from the cruciferous family like cabbage have high B requirements, which explains the increasing B content of cabbage leaves as a function of the B treatment (Choi et al., 2016). According to the ranking suggested by Tariq and Mott (2007), the B content in cabbages can be considered as adequate in all the treatments. Even after the changes caused by the addition of B, the Mg content of cabbages always remained in the range reported by Hara and Sonoda (1981).



Translocation

The soil type influenced the root/soil TC, but it had no effect on the distribution of B (i.e., shoot/root and fruit/shoot TC) in plants. The lighter the soil texture, the more B was absorbed by the roots from irrigation water, which is in accordance with the results suggested by Wear and Patterson (1962). The uptake of B is more influenced by the B content in the soil solution than by the B adsorbed on soil particles (Keren et al., 1985). In the case of adequate B supply, the uptake mechanism is passive diffusion (Dannel et al., 2002). Thus, the higher uptake on sandy soil can be explained by the lower CEC of this soil and the relatively high amount of added B compared with the original B content of the soil.

Within the plants, B mostly moves passively in the xylem via the transpiration stream (Landi et al., 2013). Each of the species investigated was able to absorb B from the soil and store it in aboveground parts (Sasmaz, 2008). According to the findings suggested by Choi et al. (2015), the tomato organs that accumulate the most B are the stem and leaves, which is in accordance with the results of this study.




CONCLUSION

The main conclusion can be summarized as follows:

•The B treatment had no effect on the biomass of the edible parts of tomatoes, green beans, potatoes, and cabbages but modified the nutritional value of these vegetables by changing their element contents.

•These changes were influenced by soil type.

•The B content showed a significant increase only in the case of tomatoes grown on silty soil and cabbages grown on light-textured soils irrigated with water containing 0.5 mg/L B.

•The B irrigation had the most significant effect on the elemental composition of tomato fruit, as it affected the B, Mg, K, Fe, Cu, and Zn contents.

•The irrigation water containing 0.1 mg/L B promoted the ripening of tomatoes on all the soils.

•The B treatment decreased the nutritional value of green beans by diminishing its K and Fe contents on all the soils.

•The element content of potatoes was almost unaffected by the B treatments.

•The nutritional value of cabbages was modified only on sandy soil, where the Mg, Fe, and Cu contents of the leaves decreased as a result of the B treatments.

The chlorophyll content index was proved to be a more effective parameter for the indication of the effects of the B irrigation than Fv/Fm. The B treatments applied in this study caused no stress to the plants, and in the case of tomatoes and potatoes, an increase in chlorophyll content was observed on silty soil.
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