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Abstract

:

The aim of this study is to analyze the effect of excess boron (B) on the nutrient uptake, growth, and physiological performance of grapevines. Merlot and Cabernet Franc grapevines, either own-rooted or grafted onto 1103P and 101-14 Mgt rootstocks, were exposed in a hydroponic pot experiment to 0.5 mM boron for sixty days. Twenty-five days following the beginning of B treatment, the first symptoms of boron toxicity appeared, including leaf edge and margin yellowing, subsequent necrosis, and cupping of leaf blades. At harvest, sixty days after the start of the experiment, B concentration of the treated vines increased in all parts of the vine in the following order: Leaves > Roots > Trunks > Shoots. Leaf Boron concentration in treated vines ranged from 980.67 to 1064.37 mg kg−1 d.w. Boron excess significantly reduced the concentrations of all macro and micronutrients studied in this experiment. The total leaf chlorophyll (Chl) concentration decreased from 35.46 to 44.45%, thirty and sixty days, respectively, from the beginning of the boron treatments. In addition, an excess amount of boron resulted in a dramatic decrease in net CO2 assimilation rate, stem water potential, and PSII maximum quantum yield, irrespective of vine type (own-rooted or grafted). At the end of the experimental period, the total leaf phenolic content increased by 71.73% in Merlot and by 71.16% in Cabernet Franc due to Boron stress. The tressed vines grafted onto 1103P showed increased shoot and root dry weights, leaf chlorophyll content, CO2 assimilation rates, and Fv/Fm ratio compared to vines grafted onto 101-14 Mgt. It was found that rootstocks play an important role in B toxicity. The results showed that the leaf accumulation of boron was delayed to a greater extent by 1103P rootstock compared to 101-14 Mgt, resulting in the earlier appearance of leaf toxicity symptoms in vines grafted onto 101-14 Mgt rootstock compared to 1103P.
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1. Introduction


Boron (B) is known as an essential element for plants, with a narrow range between its phytotoxic limit and deficient level in the soil [1,2]. It plays an important role in various physiological, cellular, and metabolic processes, including sugar transport, photosynthesis, cell differentiation, cell wall synthesis, and the generative growth of plants [3,4]. B is also required for nucleic acid synthesis and reproductive structure development [5]. Previous studies have reported that one of the primary functions of B concerns the structure of primary plant cell walls, connecting the glycosyl-inositol-phospho-ceramides (GIPCs) of the plasma membrane with the arabinogalactan proteins (AGPs) of the cell wall, thereby attaching the membrane to the cell wall [6,7], affecting the mechanical properties of the cell wall [8].



Boron is found in nature, most frequently combined with oxygen, in the form of borates, such as borax Na2B4O7•10H2O. B appears less frequently as boric acid [B(OH)3 or H3BO3] and rarely as BF4 anion associated with fluorine [9]. Boron is released into the soil solution as boric acid, which can be readily taken by the plants or leached from the soil. Among the trace elements, B is often deficient due to its high mobility. In nature, there are few B-rich soils compared to B-deficient soils. The range between B deficiency and toxicity is relatively narrow, thus B often becomes toxic for plants even in slightly high concentrations [10]. In cases of boron deficiency in plants, boron must be carefully supplied [11]. In addition, high levels of B can be an important abiotic stress factor in the world, negatively affecting crop yield and plant development [12]. In conditions of B toxicity, B binds to the ribose moieties of biological molecules, causing disruptions in cell development and division, as well as alterations in cell wall structure [13]. Sensitivity to B toxicity apparently involves several metabolic processes [13,14], such as photosynthetic rate reduction and negative effects on photosystem II efficiency, reduction of photosynthate supply of developing parts, increased membrane permeability, as well as diminution of protons extrusion in the root system and nutritional imbalances.



High B concentrations may occur naturally in the soil or in groundwater or may be added to the soil from mining, fertilizers, or irrigation water [15]. The most important contributor among the different potential sources leading to high levels of B in the soil is irrigation water [16]. According to Kloppmann et al., 2005 [17], entire Mediterranean regions suffer from scarce groundwater and surface water boron (B) contamination, rendering them inadequate for irrigation purposes of some plant species. One of the widely used techniques to avoid B toxicity is the grafting technique. Previously published works have demonstrated that the use of different rootstocks can considerably influence the tolerance of scion to B toxicity [18,19]. However, nowadays, little is known about the response of different grapevine scion–rootstock combinations in conditions of Excess B.



Grapevine (Vitis vinifera L.) is one of the most commercially grown fruit crops worldwide. It is commonly grown when grafted onto different rootstocks. In ancient times, grafting was already a widespread practice; however, the main reason for the use of grafting in viticulture was the Daktulosphaira vitifoliae (phylloxera) epidemic. At the end of the nineteenth century, Phylloxera, which was native to North America at that time, was introduced into Europe and destroyed millions of vineyard hectares. To prevent severe damage to the root system due to phylloxera, rootstocks from the Vitis species originating from North America were employed. Apart from their ability to help scion cope with phylloxera, rootstocks can also confer tolerance to a wide range of abiotic stresses.



Little is known about the response of grapevines to relatively high boron levels. According to Maas in 1990 [20], grapevines have been identified as being sensitive to excess B. According to Peacock and Christensen [11], irrigation water with a B concentration higher than 0.1 mM may cause toxicity in grapes. It is also mentioned that 0.1 mM B in saturated soil extracts and 80 mg·kg–1 B in leaf tissue is indicative of B toxicity. Growth reduction under B-toxic conditions was reported by Gunes et al. in 2006 [21]. Nikolaou et al., 1995 [22] reported severe toxicity symptoms in Victoria grapes when irrigated for five years with water containing 0.4 mM B.



In terms of Greece, extensive contamination of irrigation water with B was found in a viticultural region located about forty kilometers southeast of Thessaloniki, Northern Greece [22].



Thus, the objectives of this study were to investigate the effects of excess B on some physiological parameters, growth, boron and other nutrient element concentration and uptake in various organs of non-grafted and grafted vine plants. Specifically, two vine rootstocks were used (1103P and 101-14 Mgt) to assess their effects on vine tolerance to B toxicity.




2. Material and Methods


This study was carried out at the experimental farm of the Aristotle University of Thessaloniki, which is located 15 Km southeast of Thessaloniki (Northern Greece, geographical co-ordinates: N40°32.267′ E22°59.885′). Two-year-old vine plants of Merlot and Cabernet Franc cultivars, either own-rooted or grafted onto 1103P and 101-14 Mgt rootstocks, were planted at the beginning of the 2019 growing season. Pots with a capacity of 10 L were used to plant the vine plants, containing a 9 L medium of inert sand and perlite in a 1:1 ratio. After pruning the vine plants to single shoots with two buds, all pots were placed outdoors. For each scion–rootstock combination or own-rooted vine, six plants of similar stem diameter and height were selected, transported to the experimental location, and irrigated automatically every two days using a drip irrigation system with 650 mL per plant of a modified 50% Hoagland No. 2 nutrient solution [23].



The two vine rootstocks used in our experiment were chosen based on their genetic character: the 1103P rootstock, a hybrid of V. berlandieri/V. rupestris, is well adapted to deep, well-drained calcareous soils, offers excellent phylloxera resistance, while the V. riparia/V. rupestris hybrid, 101-14 Mgt rootstock, which tends to be easy to root and graft and offers excellent protection against phylloxera, is not well adapted in calcareous soils.



The experiment was conducted based on a (3 × 2 × 2) factorial combination of own-rooted vines or two vine rootstocks, two vine cultivars, two levels of B treatment (Control and 0.5 mM B), and six replications. The treatment started at the beginning of July and continued for sixty days. During this period, 650 mL of 0.5 mM B solution was applied, in the form of boric acid three times a week to induce boron toxicity.



During the experimental planning, similar preliminary experiments determined the appropriate concentration of boron (the vines were exposed to different B concentrations ranging from 0 to 1 mM).



During the summer months, the vines were covered with a green polyethylene net to prevent overheating of leaves and root systems. When performing measurements of physiological parameters, the net could be easily removed to allow maximum light exposure, and then reattached. During the vegetative period, stem water potential, leaf chlorophyll content, and photosynthetic parameters were measured at three different stages: (1 July, 1 August, and 1 September, respectively).



2.1. Chlorophyll Content


Throughout the experimentation period, destructive and non-destructive methods were used to evaluate leaf chlorophyll content. A non-destructive method was applied to estimate chlorophyll content. The chlorophyll index was recorded on three fully expanded leaves located on basal nodes of the shoots using a chlorophyll content meter (CM) CCM-200 (Opti-Sciences, Tyngsboro, MA, USA). The same leaves were selected to determine the chlorophyll content using Wintermans and De Mots’, 1965 [24] method: Leaf discs of approximately 0.5 g were extracted in 15 mL of 96 percent ethanol before being placed in a water bath at 79.8 °C for about 2 h, or until completely discolored. A spectrophotometer (Jenway Ltd., Essex, UK) was employed to determine the absorbance of the extract at 665 nm for chlorophyll a, and 649 nm for chlorophyll b, respectively. The total chlorophyll was determined using the following equation.


Cl (a + b) mg g−1 FW = (6.10 × A665 + 20.04 × A649) × 15/100 FW



(1)








2.2. Stem Water Potential and Gas Exchange


According to Chone et al., 2001 [25], the water status of vines was estimated by measuring stem water potential (SWP) at three stages during the experimentation period using a pressure chamber. Each selected leaf was firmly enclosed in a polythene bag to prevent transpiration. Aluminum foil was also placed around the polythene bag for at least 90 min prior to measurement. The Plant Efficiency Analyser (PEA Hansatech Instruments Ltd., King’s Lynn, UK) was used to measure chlorophyll fluorescence in attached, 30 min dark-adapted leaves between 11:00 a.m. and 1:00 p.m. Actinic light (635 nm) with a solid weak pulse of 3500 μ mols m−2 s−1 PPFD (Photosynthetic Photon Flux Density) was used for light exposure. By measuring the fluorescence signal from the dark-adapted leaves (Minimum F0, Maximum Fm, and variable Fv fluorescence yield parameters), the maximum quantum efficiency of photosystem II (PSII) was calculated as Fv/Fm (Fv = Fm − F0).



Leaf gas exchange was measured on 3 August 2019 and 3 September 2019, on healthy, intact, and well-developed leaves adjacent to those used for SWP, using a portable LCi gas exchange system (ADC BioScientific Ltd., Hoddesdon, UK). Based on gas exchange measurements, stomatal conductance (gs) and the net CO2 assimilation rate (A) were estimated.



Measurements were taken under the following conditions: Intercellular CO2 concentration (Ci) ranged from 124 to 311 μmol mol−1 on 3 August 2019 and from 111 to 276 μmol mol−1 on 3 September 2019. Leaf temperature (TI) ranged from 36.2 to 43.1 °C on 3 August 2019 and from 33.7 to 39.7 °C on 3 September 2019. The photon flux density was kept constant at 1014 and 1013 μmol m−2 s−1 on 3 August and 3 September, respectively.




2.3. Tissue Nutrient Concentrations and Growth Parameters


The vines were harvested in early September at the end of the experimental period, and divided into leaves, stems, trunks, and roots. By submerging the pots in water and gently separating the potting sand from the root balls, roots were relieved from the sand. Roots that broke away from the balls were retrieved from the washing water with a sieve. Three 5 L baths of distilled water were used to rinse the leaves after harvest. An estimation of the dry weight was achieved after all plant material had been dried to a constant weight at 70 °C. The dried material was then ground into a fine powder that could pass through a 30-mesh screen. The fine powder of each sample (0.5 g) was heated to 515 °C in a muffle furnace for five hours, then dissolved in 3 mL 6 NHCl and diluted with double-distilled water to a volume of 50 mL. ICP-OES (Perkin Elmer-Optical Emission Spectrometer, OPTIMA 2100 DV, Ontario, ON, Canada) was used to estimate the concentrations of P, K, Ca, Mg, Na, Fe, Mn, Zn, and Cu, while Kjeldahl [26] and azomethine-H [27] were applied to measure N and B, respectively.




2.4. Total Phenolics


Sixty days following the beginning of the B treatments, leaf samples were collected to determine total phenolic content using the Folin–Ciocalteu colorimetric method [28]. Segments of fresh leaf blade weighing 0.3 g were submerged in 80% methanol. Standard curves were developed using catechin. In terms of the leaf’s fresh weight, the phenolic concentrations were expressed as mg g−1 catechin equivalents (CE)(f.w.). Each extract was subjected to a triplicate analysis.




2.5. Statistical Analysis


The experimental data were analyzed using analysis of variance (ANOVA) in the SPSS Version 25 program and the Least Significant Difference method, with a significance level of p < 0.05 applied to compare the differences.




2.6. Climate Data


The B treatments were conducted for sixty days during the months of July and August 2019. Monthly climate data during experimentation were as presented in Table 1.





3. Results


3.1. Boron Distribution in Different Vine Parts


Boron concentration in the root system, trunk and leaves of grafted and ungrafted vine plants are presented in Table 2. At harvest, sixty days from the beginning of the experimentation, 0.5 mM boron treatment significantly increased B levels of all vine parts, following the order: Shoots < Trunks < Roots < Leaves.



In treated vines, the B concentrations (mg kg−1 d.w.) ranged from 980.67 to 1064.37 in leaves, 30.79 to 62.72 in roots, 18.49 to 27.87 in trunks, and 16.40 to 26.32 in shoots. In addition, there were 18.24-fold, 2.21-fold, 1.42-fold, and 1.77-fold increases of B concentrations of leaves, trunks, shoots, and roots of the treated vines compared to control, respectively. However, both own-rooted treated vines and those grafted onto 101-14 Mgt rootstock showed increased concentration of boron in their leaves. Apart from the own-rooted Cabernet Franc and Merlot, no significant differences were observed among the scion varieties. Regarding the other parts of vines, differences between scion cultivars and rootstocks were found significant in terms of root B concentrations, whereas rootstock effects were not significant for shoots and trunks.




3.2. Plant Growth Parameters and Toxicity Symptoms


Symptoms of B toxicity manifested on leaf blades of boron-treated vines 25 days after the beginning of the experiment. Smaller leaves, yellowing of the leaf margins and edges, followed by necrosis, were the symptoms of B toxicity. Another specific visible symptom of B toxicity is the downward or upward cupping of young and older leaves, respectively (Figure 1). In our study, the first 101-14 Mgt rootstock expressed toxicity injury symptoms, followed by own-rooted Merlot and Cabernet Franc cultivars. In the following period, the characteristic symptoms appeared in vines grafted onto 101-14 Mgt and 1103P rootstock.



The present experiments demonstrated that B treatments (0.5 mM) significantly affected growth parameters, mainly root and shoot dry weights, whereas trunk weights remained unaffected (Table 3).



After sixty days in toxic B conditions, shoot and root dry weights tended to decrease, although the effect of boron treatment depended on both scion and rootstock cultivars. Analysis of the variance also revealed that the effects of the scion and rootstock cultivar were significant. The Merlot cultivar and vines grafted onto 1103P rootstock showed increased shoot weights. However, when compared to 101-14 Mgt rootstock, control vines grafted onto 1103P showed increased root weights. No significant rootstock × scion cultivar, rootstock × boron treatment and scion cultivar × boron treatments interactions were found for the shoot and root dry weights.




3.3. Tissue Nutrient Concentrations


The concentrations of mineral macronutrients measured in different parts of the vine leaves are shown in Table 4. Analyses of variances among macronutrient (N, P, K, Mg, and Ca) content revealed significant differences due to boron excess. High B concentrations (0.5 mΜ) significantly decreased N, P, K, Mg, and Ca concentrations.



The concentrations of N, P, K, Mg, and Ca in leaves were significantly decreased by boron toxicity ranging from 15.29% (Ca) to 32 35% (Mg) when compared to control vines. Boron excess also altered the concentrations of mineral nutrients in the roots, decreasing the levels of N, P, K, and Mg ranging from 26.08% (N) to 40.95% (K), but without having a significant impact on Ca. Regarding the other parts, boron-treated vines showed significantly lower macronutrient concentrations except for shoot P and trunk Ca. The leaves of the vines had the highest concentrations of macronutrients, whereas the trunks exhibited the lowest levels of N, P, K, and Mg. Own-rooted vines recorded higher K concentrations in leaves compared to grafted vines, according to the research. In addition, compared to 1103P, the vines grown onto 101-14 Mgt rootstock maintained higher K levels in their leaves. No significant rootstock × boron, Scion variety × rootstock, and Scion variety × boron interactions were found for the K concentrations in leaves. A similar effect was found for leaf Ca and Mg concentrations, with own-rooted vines or grafted onto 1103P rootstock showing increased concentrations in leaves compared to those grafted onto 101-14 Mgt. Regarding the scion and rootstock varieties, no significant differences were found in root macronutrient concentrations except for K, whereas the own-rooted vines showed higher values compared to the grafted vines. Compared to grafted vines, own-rooted vines showed higher K values in shoots. In addition, there were no significant differences concerning the trunk macronutrients between the scion and rootstock varieties.



In the case of micronutrients (Table 5), boron treatment significantly affected all nutrient concentrations studied in our experiment. Iron was the most concentrated micronutrient present in the leaf and root tissues, reaching 107.50 mg kg−1 and 208.46 mg kg−1, respectively. Overall, all the measured micronutrient elements accumulated in various tissues decreased after boron application ranging from 17.92% to 46.28% for Zinc in leaves and roots, respectively. According to the results obtained, excess B decreased iron concentration from 19.53% to 38.93% in leaves and roots, respectively. A similar decrease was observed for manganese (31.64% roots) and copper (40.20% roots). No significant differences were found between the rootstocks for leaf iron concentrations. On the contrary, leaves of the Cabernet Franc cultivar showed increased leaf iron concentrations compared to merlot leaves. Furthermore, the Mn, Zn, and Cu concentrations in the leaf were significantly affected by the rootstock cultivar. As presented in Table 5, root, shoot and trunk Mn concentrations were markedly affected by excess B, decreasing by 31.84%, 23.48%, and 23.43%, respectively. Likewise, corresponding decreases of 46.28%, 43.97%, and 31.51% for Zn and 40.20%, 26.72% and 29.58 for Cu were found.




3.4. Chlorophyll Content


Chlorophyll was extracted from leaves and measured to investigate the changes on the 1st, 30th and 60th day after exposure to boron excess. At the same time, the chlorophyll index CCM-200 was also recorded.



Figure 2 demonstrates the effect of boron toxicity on total chlorophyll content and CCM-200 index over the experimentation period. The total leaf chlorophyll concentration significantly declined from 35.46% to 44.45%, thirty and sixty days, respectively, after the beginning of treatments, due to high B levels. The general trend for the treatment during successive measurement periods (after 30 and 60 days of treatment) shows a gradual reduction in the content. In addition, neither the rootstock nor the scion cultivar has a significant effect on the total chlorophyll. On the 60th day of the experimentation, both grafted and own-rooted vines showed the lowest chlorophyll concentrations. The relative chlorophyll content (CCM-200) shows a similar trend. The minimum value of chlorophyll index (CCM-200) (16.16) was found in treated, own-rooted Cabernet Franc vines after sixty days of experimentation.




3.5. Total Phenolics


The total phenolic contents in the examined extracts ranged from 28.98 to 57.68 mg g−1 f.w. (CE) (Figure 3). The application of boron excess significantly increased phenolic concentrations from 71.03% in Merlot vines to 73.39% in Cabernet Franc. Analysis of variance revealed no significant effect of rootstock and scion cultivar variety.




3.6. Water Status and Photosynthetic Activity


As shown in Figure 4, stem water potential (SWP), measured at mid-day, showed a gradual decrease over the growing season. A strong decrease in SWP was observed from the initial stage to sixty days of experimentation. All the SWP values in treated vines were comparable to control values on day one. Significant differences were observed among the three measurement stages (LSD p < 0.05: 0.366). Since no significant interactions between the different stages and boron treatment were observed, it was possible to evaluate the progression of SWP separately as functions of two factors of variability. After 60 days of experimentation, SWP decreased from −0.51 MPa in control vines to −1.36 in boron-treated ones. An excessive supply of boron significantly decreased SWP (LSD p < 0.05: 0.076, F: 58.612). Vines exposed to 0.5 mM boron for 60 days showed lower SWP compared to the control. Both the rootstock cultivar and the boron treatment were found to have significant impacts, according to the analysis of variance. No significant rootstock cultivar × boron treatment interactions were found. Additionally, when compared to 1103P, 101-14 Mgt rootstock consistently exhibited lower stem water potential values (LSD p < 0.05: 0.052, F: 58.612).



The photosynthetic activity of vines exposed to excess boron showed significant changes in terms of net CO2 assimilation rate (A), and PSII chlorophyll fluorescence (ChF).



Figure 5 presents the variation of A and gs with excess boron in vines that were either own-rooted or grafted onto two different rootstocks after thirty and sixty days of treatment. Throughout the experimental period, measurements of A and gs were taken in different plots. Significant differences in gs and A were found among the two stages (LSD p < 0.05: 0.041, F: 2.436 and 5.52, 14.673, respectively). Our results showed that the net CO2 assimilation rate decreased, ranging from 5.42 to 10.50 μmol CO2 m−2 s −1 on day thirty and from 2.76 to 6.90 on the final day of the treatment cycle.



In addition, plots treated with 0.5 mM boron showed decreased photosynthetic activity. Significantly reduced values of A were observed in boron-treated plots (LSD p < 0.05: 1.45 F: 14.673), whereas stomatal conductance was not affected. However, the experimental duration significantly affected stomatal conductance, which decreased by up to 30% between day thirty and day sixty. At the same time, the net CO2 assimilation rate decreased by 19.64 and 48.54% in control and treated vines, respectively. Furthermore, there were notable variations in the net CO2 assimilation rate between the scion cultivars and the rootstocks used in the experiment. Generally, the Merlot cultivar and 1103P rootstock showed an increased net CO2 assimilation rate. When grafted onto 101-14 Mgt rootstock sixty days following the beginning of the boron treatment, the Cabernet Franc cultivar attained the lowest values of net CO2 assimilation rate and gs (2.76 μmol CO2m−2 s −1 and 0.08 mol m−2 s−1 respectively).



Chlorophyll fluorescence parameters were measured in dark-adapted leaves, and Fv/Fm values related to the maximum quantum yield of PS II were calculated. Between the two stages of measurement and between the treatment with or without boron, there were significant differences in the Fv/Fm ratio. Moreover, cultivar and rootstock effects, as well as rootstock × boron interactions were significant. Fv/Fm gradually decreased over the experimental period, reaching the lowest values sixty days following the beginning of treatment with excess boron, showing the lowest values in the own-rooted Cabernet Franc cultivar.





4. Discussion


Water relations, growth and development, leaf gas exchange, nutrient uptake, and transport are just a few of the developmental or biochemical processes that may be affected by boron toxicity in plants. B toxicity in grapevines is usually evident by characteristic symptoms on above-ground parts, including decreased shoot growth, smaller leaves, and also marginal chlorosis and necrosis.



4.1. Vine Growth and Nutrient Concentrations in Plant Tissues


For both ungrafted and grafted vines, the boron concentrations in each plant organ increased with excess boron treatment (Table 2). Among the different vine organs, leaves showed the highest boron concentration, followed by roots and other parts. It has been reported that in most plant species, boron is absorbed by roots, loaded into the xylem, and translocated to shoots via the transpiration stream and accumulated in leaves without undergoing redistribution [29]. However, in relatively lower concentrations, boron can also be found accumulated in roots. Dannel et al., 1998 [30] reported that after long-term experiments with excess B, the concentration in sunflower leaves was about 10-fold higher than in the roots, indicating that roots do not retain B to prevent the above-ground from accumulating excess B. These tissues typically contain between 40 and 100 mg B kg−1 d.w. in species that accumulate B in their leaves. However, when B levels in the soil approach toxic levels, the leaves may contain 250 mg kg−1 d.w. B. Under extremely toxic B conditions, leaf B concentrations may exceed 700 to 1000 mg kg−1 d.w. [31]. In grapevines, similar symptoms and decreased shoot vigor have been reported in field conditions when leaf B concentrations were greater than 140 mg kg−1 d.w. [22].



Boron is absorbed by plants primarily passively as boric acid but also in small amounts actively as borate ions [3]. A system of active transportation using B transporters has been suggested in the scenario of restricted B availability. In Arabidopsis, BOR1 was reported to be the initially identified transporter involved in xylem loading [32]. In B-limiting conditions, a mechanism involving various protein channels and transporters is established to supply this component to aerial tissues [33]. Transcriptional analysis of a boron transporter gene (VvBOR1) in the grapevine revealed it is preferentially expressed in flowers at anthesis, and there is a direct correlation between the expression pattern and the amount of boron in grapes [34,35].



The results of the present research are in accordance with those presented in citrus [36] and mandarin [37], where B accumulated primarily in the leaves as opposed to other plant tissues. The increased boron concentrations in leaves as a result of an excess of B application is a common and expected response. However, in our experiment, significant differences were found between the different rootstocks. Both the own-rooted treated vines and vines grafted onto 101-14 Mgt rootstock concentrated increased boron in leaves, resulting in the earlier appearance of leaf toxicity symptoms in vines grafted onto 101-14 Mgt rootstock, in comparison with 1103P.



Macronutrient levels in leaves were adequate for vine growth since N, P, K, Mg and Ca concentrations in leaves during this experiment ranged between 1.68 and 2.44%, 0.20 and 0.32%, 0.97 and 3.35%, 0.42 and 0.72%, 1.96 and 2.88% in d.w., respectively. However, excess boron significantly decreased macronutrients in various parts of the vine in most cases. These results are consistent with those of other researchers who reported decreased leaf nutrients because of a high B supply [22,38]. Moreover, it has been reported that P concentration was decreased by high B in grapevines [22] as well as in kiwi fruit [39] and tomato [40].



Ca and Mg are crucial for the development and growth of plants. Ca crosslinks the carboxyl groups of the pectic polymers to enhance the cell wall, whereas Mg is a crucial component of proteins and chlorophyll [41]. The distribution of Mg was generally more concentrated in leaves, indicating its high mobility and transport efficiency in plants.



According to our results, all measured trace elements accumulated in various tissues decreased after boron application. Fe content in vine tissues was significantly higher compared to the other elements, which may be attributed to the plant’s absorption mechanism and functions. Iron participates in redox reactions, electron transport, and maintaining the chloroplast’s structural integrity in cells to ensure that plants can absorb and distribute sufficient Fe to leaves in various environments [42]. Furthermore, we noticed a significant decline in the uptake of Fe in grapevine plants exposed to excess boron. The results clearly demonstrate that B treatment reduces Cu, Mn, and Zn concentrations in various vine parts. Although Cu and Zn are contaminants at certain concentrations, they are also essential micronutrients for plants. For instance, Zn plays a role as an activator of enzymes, and Cu plays an important role in regulating protein composition, photosynthesis, mitochondrial respiration, and cell wall metabolism [43]. In the current study, Cu and Zn were equally distributed throughout all tissues, while Cu was more concentrated in roots. The decrease in C uptake by roots could be due to the toxic effect of B on root cells, leading to an impaired absorption process. The low uptake of Cu and Zn by plants was attributed to excess boron, according to Singh et al., 1990 [44]. However, previous studies did not show consistent effects of excess boron on nutrient elements of different plant species [45,46,47]. These inconsistencies between various studies could be caused by differences in the mobility of nutrients in different species or variations in the demands of these crops for nutrients throughout the growing period [45].



In our experiment, the first visible symptoms of B toxicity developed on leaf blades of B-treated vines 25 days after the beginning of the experimentation (Figure 1).



It has been reported that after being absorbed, boron is transported to the shoot via transpiration flux, and tends to accumulate radially at the leaf edges where leaf veins end. These tissues indeed show the most severe symptoms of B toxicity [48]. In grapevines, which have leaf reticulate venation, B toxicity is observed around the leaf margins, whereas in grasses, such as wheat and barley, with parallel-veined leaves, the toxic effect develops black patches in leaf tips where the veins terminate [49]. The disorder was also characterized by the downward or upward cupping of leaves. Occasionally, leaf cupping has been reported as a symptom of B toxicity [50,51]. According to Loomis and Durst 1992 [52], the disorder may be induced by the inhibition of cell growth, possibly due to an abnormal high level of cross-links in the cell wall. B toxicity symptoms do not appear in roots, which suggests that B distribution is related to the transpiration stream. B commonly accumulated in the leaves, but it remained in the root system when B was in relatively lower concentrations. Although there were no visible symptoms in roots under excess B, the overall root volume significantly decreased (Table 3). A phenotypic effect of B toxicity was related to the inhibition of root growth, which was accompanied by a reduction in plant dry weight and an increase in B levels in root tissues. The reduction of root growth has been previously observed in grapevines by Gunes et al., 2006 [21], and also by others in different plant species [53,54]. Additionally, Aquea et al., 2012 [55] revealed the molecular basis of root growth inhibition caused by B toxicity in Arabidopsis. They revealed that B toxicity induced the expression of genes associated with cell wall modifications, abscisic acid response, and abscisic acid signaling. In this study, the decreased leaf chlorophyll content because of increased boron levels led to decreased dry weights of shoots and roots. Regarding the rootstock cultivar effect, it was found that vines grafted onto 1103P showed increased root and shoot weights compared to those grafted onto 101-14 Mgt rootstock.




4.2. Photosynthetic Activity, Water Status, and Chlorophyll Pigments


Excess boron treatments gradually decreased photosynthesis, simultaneously with a decrease in leaf chlorophyll. The damage to the photosynthetic apparatus constitutes the most significant consequence of excess boron. In our experiment, leaf chlorophyll (Chl) content and CCM-200 index dropped thirty days after the beginning of boron treatment (Figure 2). It was reported that plants under boron stress conditions presented a decreased amount of Chl and, therefore, decreases in photosynthetic rate occurred [56,57]. The strong decline of Chl induced by B toxicity in grapevines, as reported in other species [56,58], can indicate a decrease in the synthesis of these molecules, as well as an enhancement of their oxidative processes. It is also well-known that during the late stages of the experiment, plants regulate the construction and destruction of a specific subset of light-harvesting complexes through the formation and degradation of light-reduced total leaf Chl concentrations. According to Kiani-Pouya and Rasouli 2014 [59], the relative Chl measurement (CCM-200 index) could be used for a cost-effective and rapid chlorophyll assessment because of a close correlation between the CCM-200 index and leaf Chl content. The vines exposed to excess boron during a period of thirty or sixty days showed a decreased photosynthetic activity. At the beginning of the experimental cycle, there were no statistically significant differences for the control plants. To better comprehend the impact of excess B on PSII machinery, we measured the chlorophyll fluorescence parameter Fv/Fm (Table 6). The most frequently used fluorescence parameter is Fv/Fm (maximum quantum yield of PSII). In our study, the maximum quantum yield of PSII was affected by B (Table 6), indicating serious damage to PSII machinery. Similar findings were obtained by Papadakis et al., 2004 [37], who reported a significant decrease in Fv/Fm in leaves of Navelina orange plants grown with excess B concentrations. Our results indicated that both control and stressed vines had relatively high Fv/Fm ratios after 30 days of boron treatment (0.729–0.828). Strong and significant differences between stressed and control vines were observed during the following period, especially at the end of the experimental cycle (60 d). At this stage, Cabernet Franc grafted onto 101-14 Mgt rootstock recorded the lowest value of Fv/Fm ratio (0.489).



The significant decrease in the Fv/Fm ratio indicated that leaves were photoinhibited, a condition that molecular oxygen can represent an alternative electron acceptor for unused electrons, leading to Reactive Oxygen Species (ROS) generation [60]. Additionally, due to the inhibition in the electron transport rate, reduced activity of some CO2 assimilation enzymes (carboxylase/oxygenase, ribulose-1,5-bisphosphate, and fructose-1,6-bisphosphate phosphatase) has been reported [56]. As shown in Figure 2 and Figure 5, the observed decrease in Fv/Fm ratio was coincident with a decline in leaf chlorophyll content and CO2 assimilation rate. It is well-known that the lowest rate of CO2 assimilation may be induced by several different factors, including water potential, limitations on CO2 gas exchange, degradation of photosynthetic pigments, ion toxicity, and nutritional imbalance.



Over the experimental period, a gradual decrease in stem water potential was observed in the treated vines throughout the duration of the experiment (Figure 4). Aquea et al., 2012 [55], reported that boron toxicity induces the expression of genes involved in abscisic acid (ABA) signaling and represses genes that code for water transporters. The global changes in gene expression suggest that boron principally triggers a molecular response associated with a water-stress-related response.



In addition, significantly reduced values of CO2 assimilation rate were observed in Boron-treated plots, whereas stomatal conductance was not affected. On the contrary, the period of the experimentation had a significant effect on stomatal conductance, which from day thirty to day sixty of the experimentation was reduced by a range of 30%. Additionally, the net CO2 assimilation rate was reduced by 19.64 and 48.54% in control and treated vines, respectively. In addition, both the scion and rootstock cultivars had a significant effect on the net CO2 assimilation rate. In general, the Merlot cultivar and 1103P rootstock showed an increased net CO2 assimilation rate, whereas the Cabernet Franc cultivar and 101-14 Mgt rootstock rated the lowest values (2.76 μmol CO2 m−2s−1). Even though it is known that excess boron inhibits photosynthesis, information on the effects of B on the photosynthetic process is still scarce [57,61]. According to certain authors, stomatal conductance did not decrease along with the decline in photosynthetic rate in plants exposed to excess B [62]. In contrast, other authors observed a reduction in stomatal conductance [37]. The structural damage of thylakoids, according to Pereira et al., 2000 [63], was one of the potential causes of the reduction in photosynthesis caused by excess B. This, in turn, altered the rate of electron transport and the CO2 photosynthetic rate, which can also be restricted by stomatal reduction. Following B toxicity, a significant decline in the Fv/Fm ratio (maximum quantum yield of chlorophyll fluorescence) was observed in many species [37,61]. Our results showed that the reduction of CO2 photosynthetic rate was mainly related to a downregulation of photosystem II photochemical efficiency and partly to the stomatal conductance.



In the case of photoinhibition, because of the decrease in Fv/Fm ratio, molecular oxygen can serve as an alternative electron acceptor for unused electrons and light [60], which occurs in the generation of ROS. The ROS, which are by-products of various abiotic stress, lead to dysfunction of membranes and cell death. Plants have developed a powerful scavenging system composed of antioxidant molecules and antioxidant enzymes to prevent the negative effects of these reactive molecules. Among those, phenolic substances represent a large class of secondary metabolites with strong antioxidative properties. As shown in Figure 3, sixty days from the beginning of boron treatment, leaf phenolic substances were increased by boron stress. In addition, no significant differences were found between stressed scion and rootstock cultivars.



Phenolic compounds protect plants from physiological stresses, such as oxidative stress, by preventing breakdown of macromolecules and cellular membranes. It has been reported that the antioxidant role of these compounds is due to their molecular structure [64].





5. Conclusions


Based on the present work, it can be concluded that the treatment with excess boron (0.5 mM B) in a hydroponic culture for sixty days negatively affected vine growth and development. Excess boron changes the ion balance of plants by influencing the elements’ uptake from the nutrient media. Most macro and micronutrients responded negatively to boron excess. Vine leaves showed the highest boron concentration, followed by root concentration and the concentration of the other parts. Own-rooted treated vines and those grafted onto 101-14 Mgt rootstock concentrated increased boron in leaves that previously showed the evident symptoms of leaf damage. Yellowing of leaf margins and necrosis appeared first after twenty-five days of treatment. Additionally, the above toxic B concentrations caused an alteration in photosynthetic pigments and a downregulation of PSII photochemical efficiency resulting in a decrease of the CO2 assimilation rate. Furthermore, the leaf’s total chlorophyll was affected by excess boron. The excess B resulted in a significant decline of the leaf total chlorophyll concentration from 35.46% to 44.45%, thirty and sixty days, respectively, after the beginning of treatments.



It has also been confirmed that phenolic compounds increased under boron toxicity. This constitutes a common reaction of plants to avoid extensive oxidative damage. Boron-stressed vines grafted onto 1103P rootstock showed increased shoot and root dry weight, stem water potential, and net CO2 assimilation rate.



It is expected that the present work will contribute to better grapevine management and growing in regions with an increased risk of boron toxicity. However, more research is required to assess more rootstocks used in grape growing.







Author Contributions


Conceptualization, K.-E.N.; data collection, K.-E.N., S.T. and T.C.; data analysis, K.-E.N.; writing and editing, K.-E.N.; nutrient elements analysis, K.-E.N. and T.C.; review, S.K. and A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy reasons.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Johnson, G.V.; Fixen, P.E. Testing Soils for Sulfur, Boron, Molybdenum, and Chlorine; SSSA Book Series; Westerman, R.L., Ed.; Soil Science Society of America: Madison, WI, USA, 2018; pp. 265–273. [Google Scholar] [CrossRef]

	



Kumar, V.; Pandita, S.; Kaur, R.; Kumar, A.; Bhardwaj, R. Biogeochemical Cycling, Tolerance Mechanism and Phytoremediation Strategies of Boron in Plants: A Critical Review. Chemosphere 2022, 300, 134505. [Google Scholar] [CrossRef] [PubMed]

	



Marschner, H. Mineral Nutrition of Higher Plants; Academic Press: San Diego, CA, USA, 1995. [Google Scholar]

	



Princi, M.P.; Lupini, A.; Araniti, F.; Longo, C.; Mauceri, A.; Sunseri, F.; Abenavoli, M.R. Boron Toxicity and Tolerance in Plants. In Plant Metal Interaction; Elsevier: Amsterdam, The Netherlands, 2016; pp. 115–147. [Google Scholar] [CrossRef]

	



Kabu, M.; Akosman, M.S. Biological Effects of Boron. In Reviews of Environmental Contamination and Toxicology; Whitacre, D.M., Ed.; Reviews of Environmental Contamination and Toxicology; Springer New York: New York, NY, USA, 2013; Volume 225, pp. 57–75. [Google Scholar] [CrossRef]

	



Tenhaken, R. Cell Wall Remodeling under Abiotic Stress. Front. Plant Sci. 2015, 5, 771. [Google Scholar] [CrossRef] [PubMed]

	



Voxeur, A.; Fry, S.C. Glycosylinositol Phosphorylceramides from Rosa Cell Cultures Are Boron-Bridged in the Plasma Membrane and Form Complexes with Rhamnogalacturonan II. Plant J. 2014, 79, 139–149. [Google Scholar] [CrossRef] [PubMed]

	



Dumont, M.; Lehner, A.; Bouton, S.; Kiefer-Meyer, M.C.; Voxeur, A.; Pelloux, J.; Lerouge, P.; Mollet, J.-C. The Cell Wall Pectic Polymer Rhamnogalacturonan-II Is Required for Proper Pollen Tube Elongation: Implications of a Putative Sialyltransferase-like Protein. Ann. Bot. 2014, 114, 1177–1188. [Google Scholar] [CrossRef]

	



Power, P.P.; Woods, W.G. The Chemistry of Boron and Its Speciation in Plants. Plant Soil 1997, 193, 1–13. [Google Scholar] [CrossRef]

	



Paull, J.G.; Rathjen, A.J.; Cartwright, B. Major Gene Control of Tolerance of Bread Wheat (Triticum aestivum L.) to High Concentrations of Soil Boron. Euphytica 1991, 55, 217–228. [Google Scholar] [CrossRef]

	



Peacock, W.; Christensen, L. Drip Irrigation Can Effectively Apply Boron to San Joaquin Valley Vineyards. Calif. Agric. 2005, 59, 188–191. [Google Scholar] [CrossRef]

	



Landi, M.; Degl’Innocenti, E.; Pardossi, A.; Guidi, L. Antioxidant and Photosynthetic Responses in Plants under Boron Toxicity: A Review. Am. J. Agric. Biol. Sci. 2012, 7, 255–270. [Google Scholar] [CrossRef]

	



Reid, R.J.; Hayes, J.E.; Post, A.; Stangoulis, J.C.R.; Graham, R.D. A Critical Analysis of the Causes of Boron Toxicity in Plants: Boron Toxicity in Plants. Plant Cell Environ. 2004, 27, 1405–1414. [Google Scholar] [CrossRef]

	



Simón, I.; Díaz-López, L.; Gimeno, V.; Nieves, M.; Pereira, W.E.; Martínez, V.; Lidon, V.; García-Sánchez, F. Effects of Boron Excess in Nutrient Solution on Growth, Mineral Nutrition, and Physiological Parameters of Jatropha curcas Seedlings. Z. Pflanzenernähr. Bodenk. 2013, 176, 165–174. [Google Scholar] [CrossRef]

	



Stangoulis, J.C.R.; Reid, R.J. Boron Toxicity in Plants and Animals. In Boron in Plant and Animal Nutrition; Goldbach, H.E., Brown, P.H., Rerkasem, B., Thellier, M., Wimmer, M.A., Bell, R.W., Eds.; Springer: Boston, MA, USA, 2002; pp. 227–240. [Google Scholar] [CrossRef]

	



Chauhan, R.P.S.; Powar, S.L. Tolerance of Wheat and Pea to Boron in Irrigation Water. Plant Soil 1978, 50, 145–149. [Google Scholar] [CrossRef]

	



Kloppmann, W.; Bianchini, G.; Charalambides, A.; Dotsika, E.; Guerrot, C.; Klose, P.; Marei, A.; Pennisi, M.; Vengosh, A.; Voutsa, D. Boron contamination of Mediterranean groundwater resources: Extent, sources and pathways elucidated by environmental isotopes. Geophys. Res. Abstr. 2005, 7, 10162. [Google Scholar]

	



Sarafi, E.; Siomos, A.; Tsouvaltzis, P.; Chatzissavvidis, C.; Therios, I. Boron Toxicity Effects on Grafted and Non-Grafted Pepper (Capsicum annuum) Plants. J. Soil Sci. Plant Nutr. 2017, 17, 441–460. [Google Scholar] [CrossRef]

	



Simón-Grao, S.; Nieves, M.; Martínez-Nicolás, J.J.; Cámara-Zapata, J.M.; Alfosea-Simón, M.; García-Sánchez, F. Response of Three Citrus Genotypes Used as Rootstocks Grown under Boron Excess Conditions. Ecotoxicol. Environ. Saf. 2018, 159, 10–19. [Google Scholar] [CrossRef]

	



Maas, E.V. Crop Salt Tolerance. In Agricultural Salinity Assessment and Management; Tanji, K., Ed.; ASCE Manuals & Reports on Engineering Practice No. 71; ASCE: Reston, VA, USA, 1990; pp. 262–304. [Google Scholar]

	



Gunes, A.; Soylemezoglu, G.; Inal, A.; Bagci, E.G.; Coban, S.; Sahin, O. Antioxidant and Stomatal Responses of Grapevine (Vitis vinifera L.) to Boron Toxicity. Sci. Hortic. 2006, 110, 279–284. [Google Scholar] [CrossRef]

	



Nikolaou, N.; Mattheou, A.; Karagiannidis, N. Boron toxicity in grapevines as a result of irrigation: Effect of rain on leaching. Le Porgres Agric. Vitic. 1995, 112, 111–116. [Google Scholar]

	



Hoagland, D.R.; Arnon, D.I. The Water-Culture Method for Growing Plants without Soil. Circ. Calif. Agric. Exp. Stn. 1950, 347, 32. [Google Scholar]

	



Wintermans, J.; De Mots, A. Spectrophotometric Characteristics of Chlorophylls a and b and Their Phenophytins in Ethanol. Biochim. Biophys. Acta (BBA) Biophys. Incl. Photosynth. 1965, 109, 448–453. [Google Scholar] [CrossRef]

	



Choné, X. Stem Water Potential Is a Sensitive Indicator of Grapevine Water Status. Ann. Bot. 2001, 87, 477–483. [Google Scholar] [CrossRef]

	



Chapman, H.D.; Pratt, P.F. Methods of Analysis for Soils, Plants and Waters; Division of Agricultural Sciences, University of California: Riverside, CA, USA, 1961; p. 309. [Google Scholar]

	



Gaines, T.P.; Mitchell, G.A. Boron Determination in Plant Tissue by the Azomethine H Method. Commun. Soil Sci. Plant Anal. 1979, 10, 1099–1108. [Google Scholar] [CrossRef]

	



Di Stefano, R.; Cravero, M.; Gentilini, N. Metodi per Lo Studio Dei Polifenoli Dei Vini. L’enotecnico 1989, 25, 83–89. [Google Scholar]

	



Reid, R. Understanding the Boron Transport Network in Plants. Plant Soil 2014, 385, 1–13. [Google Scholar] [CrossRef]

	



Dannel, F.; Pfeffer, H.; Römheld, V. Compartmentation of Boron in Roots and Leaves of Sunflower as Affected by Boron Supply. J. Plant Physiol. 1998, 153, 615–622. [Google Scholar] [CrossRef]

	



Gupta, U.C. Deficiency, Sufficiency, and Toxicity Levels of Boron in Crops. Boron Its Role Crop Prod. 1993, 137–145. [Google Scholar]

	



Takano, J.; Noguchi, K.; Yasumori, M.; Kobayashi, M.; Gajdos, Z.; Miwa, K.; Hayashi, H.; Yoneyama, T.; Fujiwara, T. Arabidopsis Boron Transporter for Xylem Loading. Nature 2002, 420, 337–340. [Google Scholar] [CrossRef]

	



Miwa, K.; Fujiwara, T. Boron Transport in Plants: Co-Ordinated Regulation of Transporters. Ann. Bot. 2010, 105, 1103–1108. [Google Scholar] [CrossRef]

	



Perez-Castro, R.; Kasai, K.; Gainza-Cortes, F.; Ruiz-Lara, S.; Casaretto, J.A.; Pena-Cortes, H.; Tapia, J.; Fujiwara, T.; Gonzalez, E. VvBOR1, the Grapevine Ortholog of AtBOR1, Encodes an Efflux Boron Transporter That Is Differentially Expressed Throughout Reproductive Development of Vitis vinifera L. Plant Cell Physiol. 2012, 53, 485–494. [Google Scholar] [CrossRef]

	



Sarabandi, M.; Farokhzad, A.; Mandoulakani, B.A.; Ghasemzadeh, R. Biochemical and Gene Expression Responses of Two Iranian Grape Cultivars to Foliar Application of Methyl Jasmonate under Boron Toxicity Conditions. Sci. Hortic. 2019, 249, 355–363. [Google Scholar] [CrossRef]

	



Papadakis, I.E.; Dimassi, K.N.; Therios, I.N. Response of Two Citrus Genotypes to Six Boron Concentrations: Concentration and Distribution of Nutrients, Total Absorption, and Nutrient Use Efficiency. Aust. J. Agric. Res. 2003, 54, 571. [Google Scholar] [CrossRef]

	



Papadakis, I.E.; Dimassi, K.N.; Bosabalidis, A.M.; Therios, I.N.; Patakas, A.; Giannakoula, A. Boron Toxicity in ‘Clementine’ Mandarin Plants Grafted on Two Rootstocks. Plant Sci. 2004, 166, 539–547. [Google Scholar] [CrossRef]

	



Chatzissavvidis, C.; Therios, I. The Effect of Different B Concentrations on the Nutrient Concentrations of One Olive (Olea europaea L.) Cultivar and Two Olive Rootstocks; 2003; pp. 1–3. [Google Scholar]

	



Sotiropoulos, T.E.; Therios, I.N.; Dimassi, K.N. Calcium Application as a Means to Improve Tolerance of Kiwifruit (Actinidia deliciosa L.) to Boron Toxicity. Sci. Hortic. 1999, 81, 443–449. [Google Scholar] [CrossRef]

	



Kaya, C.; Tuna, A.L.; Dikilitas, M.; Ashraf, M.; Koskeroglu, S.; Guneri, M. Supplementary Phosphorus Can Alleviate Boron Toxicity in Tomato. Sci. Hortic. 2009, 121, 284–288. [Google Scholar] [CrossRef]

	



Gilroy, S.; Bethke, P.C.; Jones, R.L. Calcium Homeostasis in Plants. J. Cell Sci. 1993, 106, 453–461. [Google Scholar] [CrossRef]

	



Masuda, H.; Aung, M.S.; Maeda, K.; Kobayashi, T.; Takata, N.; Taniguchi, T.; Nishizawa, N.K. Iron-Deficiency Response and Expression of Genes Related to Iron Homeostasis in Poplars. Soil Sci. Plant Nutr. 2018, 64, 576–588. [Google Scholar] [CrossRef]

	



Hänsch, R.; Mendel, R.R. Physiological Functions of Mineral Micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Curr. Opin. Plant Biol. 2009, 12, 259–266. [Google Scholar] [CrossRef]

	



Singh, J.P.; Dahiya, D.J.; Narwal, R.P. Boron Uptake and Toxicity in Wheat in Relation to Zinc Supply. Fertil. Res. 1990, 24, 105–110. [Google Scholar] [CrossRef]

	



Shelp, B. Boron Mobility and Nutrition in Broccoli (Brassica oleracea Var. Italica). Ann. Bot. 1988, 61, 83–91. [Google Scholar] [CrossRef]

	



Paparnakis, A.; Chatzissavvidis, C.; Antoniadis, V. How Apple Responds to Boron Excess in Acidic and Limed Soil. J. Soil Sci. Plant Nutr. 2013, 13, 787–796. [Google Scholar] [CrossRef]

	



Chatzissavvidis, C.; Therios, I. Response of Four Olive (Olea europaea L.) Cultivars to Six B Concentrations: Growth Performance, Nutrient Status and Gas Exchange Parameters. Sci. Hortic. 2010, 127, 29–38. [Google Scholar] [CrossRef]

	



Shelp, B.J.; Marentes, E.; Kitheka, A.M.; Vivekanandan, P. Boron Mobility in Plants. Physiol. Plant 1995, 94, 356–361. [Google Scholar] [CrossRef]

	



Roessner, U.; Patterson, J.H.; Forbes, M.G.; Fincher, G.B.; Langridge, P.; Bacic, A. An Investigation of Boron Toxicity in Barley Using Metabolomics. Plant Physiol. 2006, 142, 1087–1101. [Google Scholar] [CrossRef]

	



Nable, R.A.; Bañuelos, G.S.; Paull, J.G. Boron toxicity. Plant Soil 1997, 193, 181–198. [Google Scholar] [CrossRef]

	



Alpaslan, M.; Gunes, A. Interactive Effects of Boron and Salinity Stress on the Growth, Membrane Permeability and Mineral Composition of Tomato and Cucumber Plants. Plant Soil 2001, 236, 123–128. [Google Scholar] [CrossRef]

	



Loomis, W.; Durst, R. Chemistry and Biology of Boron. Biofactors 1992, 3, 229–239. [Google Scholar]

	



Cervilla, L.M.; Blasco, B.; Ríos, J.J.; Rosales, M.A.; Rubio-Wilhelmi, M.M.; Sánchez-Rodríguez, E.; Romero, L.; Ruiz, J.M. Response of Nitrogen Metabolism to Boron Toxicity in Tomato Plants. Plant Biol. 2009, 11, 671–677. [Google Scholar] [CrossRef]

	



Turan, M.A.; Taban, N.; Taban, S. Effect of Calcium on the Alleviation of Boron Toxicity and Localization of Boron and Calcium in Cell Wall of Wheat. Not. Bot. Horti Agrobot. Cluj-Napoca 2009, 37, 99–103. [Google Scholar]

	



Aquea, F.; Federici, F.; Moscoso, C.; Vega, A.; Jullian, P.; Haseloff, J.; Arce-Johnson, P. A Molecular Framework for the Inhibition of Arabidopsis Root Growth in Response to Boron Toxicity: The Arabidopsis Root Response to Boron Toxicity. Plant Cell Environ. 2012, 35, 719–734. [Google Scholar] [CrossRef]

	



Han, S.; Tang, N.; Jiang, H.-X.; Yang, L.-T.; Li, Y.; Chen, L.-S. CO2 Assimilation, Photosystem II Photochemistry, Carbohydrate Metabolism and Antioxidant System of Citrus Leaves in Response to Boron Stress. Plant Sci. 2009, 176, 143–153. [Google Scholar] [CrossRef]

	



Chen, M.; Mishra, S.; Heckathorn, S.A.; Frantz, J.M.; Krause, C. Proteomic Analysis of Arabidopsis Thaliana Leaves in Response to Acute Boron Deficiency and Toxicity Reveals Effects on Photosynthesis, Carbohydrate Metabolism, and Protein Synthesis. J. Plant Physiol. 2014, 171, 235–242. [Google Scholar] [CrossRef]

	



Eraslan, F.; Inal, A.; Gunes, A.; Alpaslan, M. Impact of Exogenous Salicylic Acid on the Growth, Antioxidant Activity and Physiology of Carrot Plants Subjected to Combined Salinity and Boron Toxicity. Sci. Hortic. 2007, 113, 120–128. [Google Scholar] [CrossRef]

	



Kiani-Pouya, A.; Rasouli, F. The Potential of Leaf Chlorophyll Content to Screen Bread-Wheat Genotypes in Saline Condition. Photosynthetica 2014, 52, 288–300. [Google Scholar] [CrossRef]

	



Velez-Ramirez, A.I.; van Ieperen, W.; Vreugdenhil, D.; Millenaar, F.F. Plants under Continuous Light. Trends Plant Sci. 2011, 16, 310–318. [Google Scholar] [CrossRef]

	



Guidi, L.; Degl’Innocenti, E.; Carmassi, G.; Massa, D.; Pardossi, A. Effects of Boron on Leaf Chlorophyll Fluorescence of Greenhouse Tomato Grown with Saline Water. Environ. Exp. Bot. 2011, 73, 57–63. [Google Scholar] [CrossRef]

	



Sotiropoulos, T.E.; Therios, I.N.; Dimassi, K.N.; Bosabalidis, A.; Kofidis, G. Nutritional status, growth, CO2 assimilation, and leaf anatomical responses in two kiwifruit species under boron toxicity. J. Plant Nutr. 2002, 25, 1249–1261. [Google Scholar] [CrossRef]

	



Pereira, W.E.; de Siqueira, D.L.; Martínez, C.A.; Puiatti, M. Gas Exchange and Chlorophyll Fluorescence in Four Citrus Rootstocks under Aluminium Stress. J. Plant Physiol. 2000, 157, 513–520. [Google Scholar] [CrossRef]

	



Agati, G.; Tattini, M. Multiple Functional Roles of Flavonoids in Photoprotection. New Phytol. 2010, 186, 786–793. [Google Scholar] [CrossRef]








[image: Horticulturae 09 00508 g001 550] 





Figure 1. Leaf blade toxicity symptoms twenty-five days after 0.5 mM boron treatment of 101-14 Mgt rootstock (a) and own-rooted Merlot (b) vines. 






Figure 1. Leaf blade toxicity symptoms twenty-five days after 0.5 mM boron treatment of 101-14 Mgt rootstock (a) and own-rooted Merlot (b) vines.



[image: Horticulturae 09 00508 g001]







[image: Horticulturae 09 00508 g002 550] 





Figure 2. Leaf chlorophyll content (a) and CCM-200 Chlorophyll index (b) at the 1st, 30th and 60th day from the beginning of boron treatment of own-rooted (OR) or grafted onto 1103P and 101-14 Mgt, Merlot (M) and Cabernet Franc (CF) vine varieties. C represents the control treatment; B represents the boron treatment. Different letters represent significant differences at p < 0.05. 
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Figure 3. Leaf total phenolic content in Merlot (M) and Cabernet Franc (CF) vine varieties, either own-rooted (OR) or grafted onto 1103P and 101-14 Mgt rootstocks after sixty days of boron treatment. C represents the control treatment; B represents the borontreatment. Different letters represent significant differences at p < 0.05. 
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Figure 4. Boron toxicity effects on midday stem water potential of Merlot (M) and Cabernet Franc (CF) grapevine cultivars on their own roots (OR) and on 1103P and 101-14 Mgt rootstocks at three stages. C represents the control treatment; B represents the boron treatment. 1, 30, 60 (at day one, thirty and sixty, respectively). Different letters represent significant differences at p < 0.05. 
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Figure 5. Net CO2 assimilation rate (a) and stomatal conductance (b) of Merlot (M) and Cabernet Franc (CF) grapevine cultivars on their own roots (OR) and on 1103P and 101-14 Mgt rootstocks, thirty and sixty days after the start of boron treatments. C represents the control treatment; B represents the boron treatment. 30, 60 (at day thirty and sixty, respectively). Different letters represent significant differences at p < 0.05. 
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Table 1. Monthly climate data, during the experimental period.
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Monthly Climate Data during Treatments




	
Month

	
Tmean

	
Tmin

	
Tmax

	
Precipitation

	
Sunshine






	
July

	
28.2

	
21.1

	
32.1

	
48

	
355




	
August

	
29.1

	
21.8

	
33.4

	
0

	
357








Tmean: mean temperature (°C), Tmin: minimum temperature (°C), Tmax: maximum temperature (°C), Precipitation (mm), Sunshine (hours).













[image: Table] 





Table 2. The effect of boron toxicity on leaf, shoot, trunk, and root on B concentrations (mg kg−1 d.w.) of own-rooted or grafted onto 1103P and 101-14 Mgt rootstocks of Merlot and Cabernet Franc vine cultivars.






Table 2. The effect of boron toxicity on leaf, shoot, trunk, and root on B concentrations (mg kg−1 d.w.) of own-rooted or grafted onto 1103P and 101-14 Mgt rootstocks of Merlot and Cabernet Franc vine cultivars.





	

	

	
Leaves

	
Shoots

	
Trunks

	
Roots




	
Treatments

	

	
M

	
CF

	
M

	
CF

	
M

	
CF

	
M

	
CF






	
Control

	
OR

	
47.56 d

	
56.89 d

	
15.81 c

	
13.53 c

	
11.13 b

	
11.45 b

	
33.09 c

	
34.88 c




	
1103P

	
62.93 d

	
59.76 d

	
14.32 c

	
13.09 d

	
9.97 b

	
10.71 b

	
22.62 d

	
34.17 c




	
101-14 Mgt

	
53.15 d

	
54.17 d

	
15.24 c

	
12.97 d

	
10.46 b

	
10.03 b

	
35.23 c

	
30.79 c




	
0.5 mM B

	
OR

	
1021.30 b

	
1064.37 a

	
20.69 b

	
16.40 c

	
23.51 a

	
18.49 a

	
52.84 b

	
59.70 a




	
1103P

	
980.67 c

	
990.31 c

	
26.32 a

	
19.82 b

	
27.46 a

	
27.87 a

	
52.21 b

	
51.87 b




	
101-14 Mgt

	
1011.70 b

	
1033.18 b

	
21.97 b

	
17.87 c

	
23.88 a

	
19.67 a

	
55.71 a

	
62.72 a




	
LSD: p < 0.05

	
19.60

	
3.529

	
11.06

	
3.17




	
F < 0.001

	
634.86

	
9.399

	
24.42

	
45.008








OR: Own root, M: Merlot, CF: Cabernet Franc. Different letters in each column represent significant differences at p < 0.05.
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Table 3. The effect of boron toxicity on root, trunk, and shoot dry weight (g), of own-rooted or grafted onto 1103P and 101-14 Mgt rootstocks of Merlot and Cabernet Franc vine cultivars.
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Merlot

	
Cabernet Franc




	

	

	
Shoot

	
Trunk

	
Root

	
Shoot

	
Trunk

	
Root






	
Control

	
Own roots

	
47.88 b

	
60.51 a

	
49.73 a

	
38.91 d

	
53.11 c

	
44.98 b




	
1103P

	
52.15 a

	
57.76 b

	
50.93 a

	
42.45 c

	
61.01 a

	
49.30 a




	
101-14 Mgt

	
42.56 c

	
58.52 b

	
41.38 b

	
38.46 d

	
61.28 a

	
39.86 b




	
0.5 mM B

	
Own roots

	
44.24 bc

	
59.45 a

	
42.39 b

	
36.89 d

	
54.59 c

	
34.94 c




	
1103P

	
46.21 b

	
57.40 b

	
42.44 b

	
38.83 d

	
69.48 a

	
32.39 d




	
101-14 Mgt

	
38.46 d

	
57.62 b

	
32.39 d

	
34.08 d

	
58.39 bc

	
29.68 d




	

	
LSD (p < 0.05)

	
3.091

	
2.041

	
2.597

	
3.091

	
2.041

	
2.597




	

	
F < 0.001

	
16.101

	
41.171

	
42.566

	
16.101

	
41.171

	
42.566








Different letters in each column represent significant differences at p < 0.05.
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Table 4. The effect of boron toxicity on N, P, K, Mg and Ca (% d.w.) concentration in different parts of Merlot and Cabernet Franc vines on own roots or grafted to 1103P and 101-14 Mgt rootstocks.
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Leaves




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
N

	
P

	
K

	
Mg

	
Ca

	
N

	
P

	
K

	
Mg

	
Ca




	
Control

	
Own roots

	
2.16 a

	
0.30 b

	
2.35 a

	
0.61 a

	
2.88 a

	
2.23 a

	
0.33 a

	
2.24 a

	
0.62 a

	
2.96 a




	
1103P

	
2.44 a

	
0.32 a

	
1.33 c

	
0.72 a

	
2.67 a

	
1.95 b

	
0.32 a

	
1.65 c

	
0.63 a

	
2.88 a




	
101-14 Mgt

	
1.77 b

	
0.27 b

	
1.56 c

	
0.56 b

	
2.63 ab

	
1.94 b

	
0.29 b

	
1.96 b

	
0.55 b

	
2.70 a




	
0.5 mM B

	
Own roots

	
1.83 ab

	
0.23 c

	
0.97 d

	
0.42 c

	
2.45 bc

	
1.89 b

	
0.28 b

	
1.42 c

	
0.44b c

	
2.63 ab




	
1103P

	
1.81 ab

	
0.20 c

	
1.26 c

	
0.49 b

	
2.29 c

	
1.77 b

	
0.27 b

	
1.47 c

	
0.45 bc

	
2.46 b




	
101-14 Mgt

	
1.68 b

	
0.25b c

	
1.75 bc

	
0.31 d

	
1.96 c

	
1.74 b

	
0.22 c

	
1.71 bc

	
0.39 c

	
2.37 b




	

	
LSD (p < 0.05)

	
0.177

	
0.024

	
0.249

	
0.122

	
0.158

	
0.177

	
0.024

	
0.249

	
0.122

	
0.158




	

	
F < 0.001

	
4.845

	
7.398

	
10.73

	
10.227

	
8.558

	
4.845

	
7.398

	
10.73

	
10.227

	
8.558




	
Roots




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
N

	
P

	
K

	
Mg

	
Ca

	
N

	
P

	
K

	
Mg

	
Ca




	
Control

	
Own roots

	
1.14 a

	
0.29 a

	
0.58 a

	
0.28 a

	
1.18

	
1.16 a

	
0.27 a

	
0.65 a

	
0.32 a

	
1.16




	
1103P

	
1.12 a

	
0.30 a

	
0.50 a

	
0.31 a

	
1.29

	
1.17 a

	
0.29 a

	
0.48 a

	
0.31 a

	
1.11




	
101-14 Mgt

	
1.20 a

	
0.29 a

	
0.52 a

	
0.32 a

	
1.03

	
1.12 a

	
0.28 a

	
0.42 b

	
0.38 a

	
1.05




	
0.5 mM B

	
Own roots

	
0.79 b

	
0.18 b

	
0.30 b

	
0.21 b

	
1.24

	
0.90 a

	
0.20 b

	
0.39 b

	
0.21 b

	
0.94




	
1103P

	
0.88 ab

	
0.20 b

	
0.31 b

	
0.20 b

	
0.95

	
0.83 b

	
0.19 b

	
0.36 b

	
0.23 b

	
0.98




	
101-14 Mgt

	
0.83 b

	
0.22 ab

	
0.26 b

	
0.23 b

	
0.97

	
0.88 ab

	
0.23 ab

	
0.24 b

	
0.19 b

	
0.90




	

	
LSD (p < 0.05)

	
0.321

	
0.094

	
0.069

	
0.106

	
ns

	
0.321

	
0.094

	
0.069

	
0.106

	
ns




	

	
F< 0.001

	
9.950

	
22.627

	
8.755

	
8.825

	

	
9.950

	
22.627

	
8.755

	
8.825

	




	
Shoots




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
N

	
P

	
K

	
Mg

	
Ca

	
N

	
P

	
K

	
Mg

	
Ca




	
Control

	
Own roots

	
1.06 a

	
0.23

	
0.66 a

	
0.22 b

	
0.76 a

	
0.95 b

	
0.19

	
0.61 b

	
0.18 c

	
0.67 ab




	
1103P

	
1.07 a

	
0.18

	
0.59 b

	
0.19 c

	
0.77 a

	
1.05 a

	
0.20

	
0.67 a

	
0.24 a

	
0.70 a




	
101-14 Mgt

	
1.09 a

	
0.18

	
0.60 b

	
0.25 a

	
0.70 a

	
0.98 b

	
0.21

	
0.52 c

	
0.21 b

	
0.76 a




	
0.5 mM B

	
Own roots

	
0.96 b

	
0.19

	
0.34 d

	
0.14 c

	
0.65 b

	
0.86 c

	
0.16

	
0.40 c

	
0.15 c

	
0.61 b




	
1103P

	
0.89 c

	
0.15

	
0.45 c

	
0.16 c

	
0.64 b

	
0.79 c

	
0.20

	
0.29 d

	
0.16 c

	
0.59 b




	
101-14 Mgt

	
0.79 c

	
0.16

	
0.36 d

	
0.15 c

	
0.60 b

	
0.75 c

	
0.17

	
0.28 d

	
0.14 c

	
0.66 b




	

	
LSD (p < 0.05)

	
0.071

	
ns

	
0.058

	
0.029

	
0.10

	
0.071

	
ns

	
0.058

	
0.029

	
0.10




	

	
F < 0.001

	
5.752

	

	
23.831

	
16.85

	
7.360

	
5.752

	

	
23.831

	
16.85

	
7.360




	
Trunks




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
N

	
P

	
K

	
Mg

	
Ca

	
N

	
P

	
K

	
Mg

	
Ca




	
Control

	
Own roots

	
0.78 a

	
0.25 a

	
0.25 a

	
0.15 b

	
0.86

	
0.76 a

	
0.24 a

	
0.27 a

	
0.16 b

	
0.80




	
1103P

	
0.81 a

	
0.22 a

	
0.28 a

	
0.16 b

	
1.52

	
0.80 a

	
0.14 ab

	
0.25 a

	
0.14 b

	
0.82




	
101-14 Mgt

	
0.55 b

	
0.16 ab

	
0.27 a

	
0.18 a

	
0.70

	
0.74 a

	
0.25 a

	
0.24 a

	
0.16 b

	
0.85




	
0.5 mM B

	
Own roots

	
0.62 ab

	
0.08 b

	
0.17 b

	
0.12 c

	
0.62

	
0.58 b

	
0.11 b

	
0.18 b

	
0.13 c

	
0.64




	
1103P

	
0.57 b

	
0.10 b

	
0.18 b

	
0.13 c

	
0.70

	
0.54 b

	
0.09 b

	
0.17 b

	
0.11 c

	
0.72




	
101-14 Mgt

	
0.60 b

	
0.09 b

	
0.16 b

	
0.12 c

	
0.61

	
0.64 ab

	
0.11 b

	
0.16 b

	
0.12 c

	
0.58




	

	
LSD (p < 0.05)

	
0.197

	
0.088

	
0.091

	
0.013

	
ns

	
0.197

	
0.088

	
0.091

	
0.013

	
ns




	

	
F < 0.001

	
8.053

	
2.460

	
8.061

	
17.916

	

	
8.053

	
2.460

	
8.061

	
17.916

	








Ns: not significant. Different letters in each column represent significant differences at p < 0.05.
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Table 5. The effect of boron toxicity on Mn, Zn, Fe and Cu (mg kg−1) concentration in different parts of Merlot and Cabernet Franc vines on their own roots or grafted onto 1103P and 101-14 Mgt rootstocks.
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Leaves




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
Mn

	
Zn

	
Fe

	
Cu

	
Mn

	
Zn

	
Fe

	
Cu




	
Control

	
Own roots

	
97.70 a

	
16.25 b

	
114.34 a

	
10.60 a

	
68.02 b

	
14.06 b

	
112.26 b

	
9.15 a




	
1103P

	
96.03 a

	
19.03 a

	
106.21 b

	
8.98 a

	
54.19 b

	
15.05 b

	
135.68 a

	
7.61 a




	
101-14 Mgt

	
55.03 b

	
14.31 b

	
125.10 a

	
7.51 ab

	
50.09 b

	
15.43 b

	
121.26 a

	
7.01 ab




	
0.5 mM B

	
Own roots

	
59.54 b

	
13.51 b

	
95.94 b

	
6.78 b

	
57.01 b

	
10.92 bc

	
99.14 b

	
5.67 b




	
1103P

	
56.85 b

	
15.29 b

	
95.66 b

	
5.98 b

	
47.59 bc

	
14.32 b

	
96.34 b

	
5.45 b




	
101-14 Mgt

	
41.94 bc

	
12.80 b

	
99.18 b

	
5.02 c

	
37.13 c

	
10.39 c

	
89.01 b

	
5.87 b




	

	
LSD (p < 0.05)

	
17.619

	
1.988

	
22.03

	
2.11

	
17.619

	
1.988

	
22.03

	
2.11




	

	
F < 0.001

	
30.316

	
14.816

	
10.907

	
10.712

	
30.316

	
14.816

	
10.907

	
10.712




	
Roots




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
Mn

	
Zn

	
Fe

	
Cu

	
Mn

	
Zn

	
Fe

	
Cu




	
Control

	
Own roots

	
32.68 a

	
28.77 b

	
243.28 a

	
28.13 a

	
35.14 a

	
26.12 b

	
238.91 a

	
30.60 ab




	
1103P

	
31.90 a

	
37.76 a

	
276.31 a

	
32.68 a

	
34.18 a

	
25.10 b

	
251.01 a

	
33.45 abc




	
101-14 Mgt

	
34.96 a

	
35.83 a

	
302.65 a

	
30.71 a

	
31.61 a

	
32.31 b

	
246.51 a

	
35.01 a




	
0.5 mM B

	
Own roots

	
21.43 b

	
15.19 c

	
159.88 b

	
19.50 ab

	
24.30 a

	
14.94 c

	
160.74 b

	
19.20 c




	
1103P

	
22.95 b

	
18.96 c

	
138.36 b

	
18.04 b

	
23.24 b

	
17.93 c

	
176.11 b

	
18.58 c




	
101-14 Mgt

	
19.98 b

	
16.12 c

	
146.35 b

	
20.81 ab

	
24.73 b

	
16.75 c

	
170.57 b

	
17.82 bc




	

	
LSD (p < 0.05)

	
10.63

	
3.93

	
100.56

	
12.97

	
10.63

	
3.93

	
100.56

	
12.97




	

	
F < 0.001

	
17.38

	
16.945

	
7.313

	
9.942

	
17.38

	
16.945

	
7.313

	
9.942




	
Shoots




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
Mn

	
Zn

	
Fe

	
Cu

	
Mn

	
Zn

	
Fe

	
Cu




	
Control

	
Own roots

	
39.57 a

	
26.80 a

	
24.87 a

	
11.51 a

	
29.01 b

	
23.09 a

	
25.16 a

	
10.32 a




	
1103P

	
38.92 a

	
20.52 a

	
25.15 a

	
10.55 a

	
37.71 b

	
30.14 a

	
23.42 a

	
11.35 a




	
101-14 Mgt

	
40.20 a

	
27.71 a

	
23.89 a

	
11.57 a

	
35.13 ab

	
19.12 b

	
23.81 a

	
10.74 a




	
0.5 mM B

	
Own roots

	
24.29 b

	
14.15 b

	
16.50 b

	
8.28 b

	
26.24 b

	
13.62 b

	
21.31 a

	
8.48 b




	
1103P

	
31.62 ab

	
13.16 b

	
16.28 b

	
8.10 b

	
27.81 b

	
15.57 b

	
15.24 b

	
8.84 b




	
101-14 Mgt

	
37.50 a

	
15.60 b

	
15.24 b

	
7.31 b

	
21.24 b

	
11.66 b

	
16.87 b

	
7.36 b




	

	
LSD (p < 0.05)

	
4.239

	
10.68

	
7.62

	
3.26

	
4.239

	
10.68

	
7.62

	
3.26




	

	
F < 0.001

	
16.976

	
31.49

	
7.851

	
12.921

	
16.976

	
31.49

	
7.851

	
12.921




	
Trunks




	

	

	
Merlot

	
Cabernet Franc




	
Treatments

	

	
Mn

	
Zn

	
Fe

	
Cu

	
Mn

	
Zn

	
Fe

	
Cu




	
Control

	
Own roots

	
26.21 a

	
17.08 a

	
85.11 b

	
8.83 ab

	
20.49 b

	
19.10 a

	
81.23 b

	
10.15 a




	
1103P

	
26.02 a

	
15.97 a

	
106.88 a

	
10.28 a

	
24.88 a

	
17.55 a

	
94.13 ab

	
10.12 a




	
101-14 Mgt

	
24.16 a

	
17.71 a

	
97.31 a

	
9.41 a

	
24.20 a

	
18.08 ab

	
95.51 a

	
9.83 a




	
0.5 mM B

	
Own roots

	
17.97 b

	
11.01 b

	
60.58 cd

	
6.25 b

	
17.97 b

	
10.76 b

	
49.93 d

	
8.90 ab




	
1103P

	
18.57 b

	
10.85 b

	
83.40 b

	
6.23 b

	
18.56 b

	
11.51 b

	
60.63 c

	
6.98 b




	
101-14 Mgt

	
19.87 b

	
10.07 b

	
71.10 c

	
5.85 b

	
19.08 b

	
13.51 ab

	
70.03 c

	
7.10 b




	

	
LSD (p < 0.05)

	
1.69

	
4.683

	
10.046

	
3.09

	
1.69

	
1.69

	
10.046

	
3.09




	

	
F < 0.001

	
17.694

	
1.242

	
18.406

	
11.204

	
17.694

	
17.694

	
18.406

	
11.204








Different letters in each column represent significant differences at p < 0.05.
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Table 6. Effects of boron toxicity on the maximum quantum yield of photosystem II (Fv/Fm) in own-rooted Merlot and Cabernet Franc grapevine cultivar or grafted onto 1103P and 101-14 Mgt rootstocks.






Table 6. Effects of boron toxicity on the maximum quantum yield of photosystem II (Fv/Fm) in own-rooted Merlot and Cabernet Franc grapevine cultivar or grafted onto 1103P and 101-14 Mgt rootstocks.





	

	

	
Merlot

	
Cabernet Franc




	

	

	
Day Thirty

	
Day Sixty

	
Day Thirty

	
Day Sixty






	
Control

	
Own roots

	
0.758 b

	
0.725 b

	
0.780 ab

	
0.661 c




	
1103P

	
0.815 ab

	
0.722 b

	
0.774 ab

	
0.705 bc




	
101-14 Mgt

	
0.828 a

	
0.788 ab

	
0.818 a

	
0.727 b




	
0.5 mMB

	
Own roots

	
0.768 b

	
0.505 d

	
0.783 ab

	
0.489 d




	
1103P

	
0.796 ab

	
0.729 b

	
0.788 ab

	
0.593 c




	
101-14 Mgt

	
0.790 ab

	
0.644 c

	
0.729 b

	
0.543 c




	

	
LSD (p < 0.05): 0.044, F < 0.001: 19.057








Different letters in each column represent significant differences at p < 0.05.
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