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Abstract

:

Acidic soils can promote the bioavailability of Al, Mn, and Fe to toxic levels, reducing crop growth and productivity. Symptoms of metal excess/deficit are dependent on the chemical composition of the soil solution and of plant tissues. In the present study, the concentration and subcellular distribution of Al, Mn, Fe, and Si (known to alleviate metal stress) were quantified through inductively coupled plasma mass spectrometry (ICP-MS) in roots and shoots of wheat grown in acidic soils with rising levels of Mn. In control acidic soil, wheat showed high concentrations of Al, Mn, and Fe. After Mn supplementation, bioavailable Al, Fe, and Si levels increased in the soil solution, but plant uptake ratio decreased. Root Mn levels increased, while those of Al, Fe, and Si decreased. Although elements were increasingly translocated to the shoot, root Al and Fe concentrations were 10-fold higher than those in the shoot. At the highest Mn concentration supplied, Al, Fe, and Si proportions increased in the organelles, while Mn proportion increased in the vacuole. High bioavailable Mn levels disrupt metal homeostasis in wheat grown in acidic soils, influencing element subcellular distribution. Symptoms of metal toxicity result from interactions between several elements, and therefore a comprehensive chemical analysis of soil solution and plant tissues contributes to a more accurate understanding of their uptake dynamics and their agronomic implications.
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1. Introduction


Soil acidity is a major concern in worldwide agricultural systems, influencing crop production in 30–40% of agricultural lands and dominating up to 60% of potentially arable lands, which hinders the establishment of new agricultural soils in tropic and subtropic regions [1,2]. Soil acidity promotes the release of Al, Fe, and Mn from their soil-bound forms into bioavailable Al3+, Fe2+, and Mn2+. The intensity of this phenomenon is influenced by pH and redox potential but also by the temperature and moisture of the soil, generally leading to co-occurring ion toxicities [3,4]. The increase in soil H+ and bioavailable Al, Fe, and Mn levels leads to a decline in soil fertility by promoting deficiencies in plant essential nutrients, namely, magnesium (Mg), calcium (Ca), and potassium (K), and a decrease in the solubility of phosphorus (P) and molybdenum (Mo) [5,6]. Furthermore, the excessive agricultural use of ammonium-based fertilizers and natural waterlogging events can decrease soil pH and increase the detrimental effects of soil acidity on plant growth [7,8].



In plants growing on acidic soils, a clear diagnosis of metal toxicity is particularly challenging, given that different elements can show similar symptoms in above-ground plant parts, different symptoms can be observed in different families or groups of plants, and different degrees of co-occurrent toxicities and associated nutrient deficiencies can be active at any given site [3]. The simultaneous elemental analysis of soil, plant tissues, and respective subcellular compartments can provide important information for assessing not only element toxicity but also mechanisms of plant tolerance.



Wheat (Triticum aestivum L.) is one of the most widely cultivated cereal crops worldwide, and its demand is projected to increase as much as 60% by 2050. Wheat productivity can be heavily impaired by soil acidity, namely, by the associated effects of high levels of bioavailable Al, Fe, and Mn in the soil [9]. For Al toxicity, symptoms are mainly detected below ground through the impairment of root growth, at the meristematic regions, and a reduction in cell elongation and root hair development. Excess of Al induces cell wall modifications, interruption of signalling pathways, disruption and depolarisation of the plasma membrane, modified transport processes, and Al binding to the DNA [10]. Secondary symptoms can be detected in the aerial parts after excess Al impairs root nutrient acquisition and water uptake [11,12]. Plants can counter Al toxicity by preventing its uptake at the root apex or by chemical chelation (with organic acids and other compounds) and detoxifying intracellular Al in excess [2,13]. For example, in some wheat cultivars, exclusion of Al–malate complexes appears to promote tolerance to Al toxicity [14].



Iron toxicity is mainly diagnosed in crops growing in flooded soils, and thus a large amount of research has focused on rice. Toxicity in rice is characterised by a phenomenon called “bronzing”, the spread of scattered reddish-brown spots in older leaves that progresses to cover the entire organ [15]. This process is caused by the accumulation of oxidised polyphenols and the irreversible damage of cell structural components, induced by an elevated production of radicals. Tolerance to Fe toxicity is based on either its exclusion from the root (strategy I), its subcellular compartmentalisation and exclusion from the symplast (strategy II), or through enzymatic detoxification (strategy III) [15]. In wheat, Fe toxicity is not extensively reported, and is mainly described for flooded soils, where it can co-occur with Mn toxicity, in years of heavy rainfall. The impairment of wheat growth and a yellowing of older leaves are the most commonly reported symptoms [16,17].



Manganese and Al toxicities are the main constraints to plant productivity on acidic soils. In wheat, excessive levels of Mn are generally translocated to the aerial parts. A decline on growth and productivity is associated with stunting, chlorosis, necrotic spots, white flecking, purpling, and leaf tip burn, that progresses from older to younger leaves [18,19]. Similarly to Al, Mn toxicity can alter the uptake of other essential nutrients, since it generally competes for shared transporter proteins [20,21,22]. For instance, Mn toxicity symptoms can many times be confused with light Fe deficiency [23].



To counteract soil acidity and derived ion toxicities in agricultural soils, pulverised calcitic lime (Ca carbonates and oxides) or dolomitic lime (Ca and Mg carbonates) are commonly used. However these soil correctives have shown significant drawbacks, namely, by greatly increasing farming costs; by being seldomly used in the required amounts; and, depending on soil characteristics, by being countered by the soil’s strong buffering capacity [24]. Besides Mg and Ca (used for soil correction as dolomitic lime), Si is also known to counter Mn and Al toxicities and, depending on plant species and/or variety, can influence mechanisms of detoxification and compartmentation, either by preventing internal metal excess or by influencing internal metal distribution [23,25,26,27].



In the acidic Cambic soils of south-eastern Portugal, agricultural productivity is heavily affected by Mn toxicity and low fertility [28]. Defining strategies to diagnose Mn toxicity and improve wheat production has been an on-going research effort [29,30,31]. In wheat growing in an acidic Cambic soils, the occurrence of Mn toxicity symptoms depends heavily on maintaining shoot Mg/Mn ratios above 20 [32,33,34,35]. In fact, wheat can mobilise various root and shoot nutrients to counter Mn toxicity. Magnesium, Ca, Mn, and P can be redistributed intracellularly in wheat roots and shoots as a response to toxic levels of bioavailable Mn [28]. While Ca accumulates in the root apoplast, Mn, along with P and Mg, are redirected to the shoot vacuole as a detoxification strategy.



The present study characterises the contents of Mn, Al, Fe (commonly promoted in acidic soils), and Si (that has shown beneficial effects under Mn toxicity) in the soil solution and wheat roots, shoots, and their respective subcellular fractions (fractions enriched in cell wall debris, organelles, or vacuole contents). This work assessed the effect of rising levels of soil bioavailable Mn on the uptake and subcellular redistribution of these elements in wheat tissues. Screening the mechanisms involved in wheat detoxification allows for the establishment of more precise agricultural practices that enhance natural detoxification processes.




2. Materials and Methods


2.1. Characterisation of the Soil and Soil Solution


The acidic soil used was a granitic Eutric Cambisol collected from the top 20 cm of the headland for a long-term natural pasture at Mitra farm, Évora University, Alentejo, Portugal (38°32′ N; 08°00′ W). The air-dried and sieved (2 mm) soil with a pH of 5.6 (soil/water = 1:2.5 (w/v)) contained 23 mg P/kg (Egner-Rhiem), 0.4 mg N-NO3/kg, 22.6 mg Mn/kg (DTPA-diethylenetriaminepentaacetic acid), 9 g SOM (soil organic matter-chromic acid wet oxidation)/kg, a cation exchange capacity (CEC) of 3.0 centimoles of charge per kilogram (cmol(+)/kg), and a base saturation of 37% [28,29,36].



Increased levels of bioavailable toxic Mn were obtained after supplementation of 0, 45.2, or 90.4 mg MnCl2 per kg of soil, which corresponded to zero, two-, and fourfold the Mn levels for the acidic soil, respectively, and were left to rest for a week [28].



The soil solution was extracted according to [33] with the modifications described in [28]. Briefly, the aqueous solution was isolated from around 40 g of acidic soil surrounding the wheat root system through centrifugation at 2500× g, for 60 min, at 4 °C, in 50 mL tubes fitted with a 0.45 µm polyethersulfone filter. Volume of the extracted soil solution was recorded, and the soil solution was kept at −20 °C.




2.2. Experimental Setup


Four Triticum aestivum L. seedlings (cv. Ardila) were planted in dark plastic pots (8 L) containing the MnCl2-supplemented acidic soil. Pots were maintained fully randomised in a greenhouse and weighed every day. Soil was kept from dehydration with deionised water to around 70% of maximum water holding capacity. Minimum and maximum air temperatures were recorded daily, and temperature control of the greenhouse was set to a maximum of 30 °C. Wheat plants were collected after three weeks of growth, and the roots were washed with ultrapure water. Roots and shoots were separately flash frozen in liquid N2 and kept at −80 °C.




2.3. Wheat Subcellular Element Distribution


Element subcellular distribution was assessed for wheat shoots and roots according to [29]. Briefly, finely grounded frozen roots and shoots were obtained using a melamine mortar and pestle and liquid nitrogen. Samples were then mixed in a cold 50 mM Tris–HCl (pH 7.5) aqueous solution, at 4 °C, containing sucrose (250 mM) and dithioerythritol (1.0 mM), in a ratio of 200 mg of sample (fresh weight, F.W.)/5 mL of solution. Following this, differential centrifugation was performed to isolate the (1) cell wall fraction (CWF) by centrifuging the homogenate at 2500× g for 15 min in order to pellet cell walls, cellular debris, and metal granules; (2) organelle fraction (OF) by centrifuging the previous supernatant at 100,000× g for 60 min in order to pellet cellular organelles, e.g., mitochondria and chloroplasts; and (3) vacuole fraction (VF), mainly comprised of vacuole contents and soluble components of the cytosol, contained in the supernatant of the previous centrifugation. All centrifugation steps were performed at 4 °C, and the resulting fractions were maintained at −80 °C.




2.4. Manganese, Aluminium, Iron, and Silicon Analysis


Inductively coupled plasma mass spectrometry (ICP-MS) was performed to quantify sample Mn, Al, Fe, and Si levels. Preparation of digested samples and quantitative analysis were performed according to [28].



2.4.1. Acid Digestion of Wheat Tissues


Ground roots or shoots (50 mg) and respective fractions were freeze dried in a Telstar LyoQuest apparatus for three days. Freeze dried samples were added to 2 mL of HNO3 (Suprapur, 67–69%, Fisher Chemicals, Hampton, NH, USA) and maintained in closed Teflon beakers at room temperature for 12 h. These solutions were then heated (<120 °C) for 24 h and 0.5 mL of H2O2 (Suprapur, 30%, Merck, KGaA, Darmstadt, Germany) were added to further digest the organic material at 80 °C. Fully digested samples were heated to 100 °C and the remaining solid residue was dissolved in 50 mL of a 2% HNO3 aqueous solution for ICP-MS analysis. NIST SRM 1573a (tomato leaves) certified reference material and one digestion blank were simultaneously digested for method validation, namely, evaluation of accuracy and limits of detection for each element.




2.4.2. Quantitative Element Analysis


Elemental quantification was performed on an Agilent 8800 Triple Quadrupole ICP-MS, equipped with a Micromist nebuliser. Agilent ICP-MS tuning solution, 2% HNO3 containing 10 μg/L each of Ce, Co, Li, Tl, and Y (Agilent Technologies, Palo Alto, CA, USA), was used for instrument optimisation. External calibration was performed with the multi-element certificate standard solution ICP-MS-68B-A (100 mg/L) from High-Purity Standards (Charleston, SC, USA). Matrix effects and instrumental drifts were corrected on the basis of the internal standards ruthenium (Ru), rhodium (Rh), and iridium (Ir). The collision/reaction cell was set to “no-gas mode” for the quantification of Al and Mn, “O2 mode” for the quantification of Si, and “NH3 mode” for the quantification of Fe. Plasma gas flow rate was 15 mL/min, and collision and reaction gas flow rates were 0.5 mL/min for O2 and 1.5 mL/min for NH3. Analyses were optimised at 1550 W forward power and 1.1 L/min Ar carrier gas flow with no dilution or makeup gas. Sampling depth (10 mm) and lens parameters were optimised for highest signal and optimum peak shape while maintaining low oxides and doubly charged species. MS/MS scan type was used in all the operation modes.





2.5. Data Analysis


For each element, uptake dynamics were characterised by determining root or shoot bioconcentration factors (BCF, root or shoot element concentration/soil solution element concentration), the translocation factor (TF, shoot element concentration/root element concentration), and bioaccumulation coefficient (BAC, plant element concentration/soil solution element concentration), according to [37].



Statistical analysis was performed with SPSS version 26 statistics software. Statistical significance of data was determined with one-way ANOVA, using Tukey’s post hoc test for means comparison at a 95% significance level (p < 0.05). Shapiro–Wilk test and Browns–Forsythe test were used for the evaluation of normality and homoscedasticity, respectively. The presented results correspond to the average and standard error of four biological replicates.





3. Results


3.1. Manganese


Mn levels in the soil solution increased drastically after Mn supplementation (Table 1).



Similarly, higher Mn levels were detected in wheat roots and shoots. Shoot Mn levels increased more pronouncedly than those of wheat roots, which led to increasing TF values (Figure 1a). After Mn supplementation, plant Mn uptake ratio was inhibited (decrease in BAC), but root to shoot translocation was promoted (decrease in root BCF and increase in shoot BCF) (Figure 1b).



In wheat roots, the pattern of Mn subcellular distribution showed no major change (Figure 2a), while in the shoots, Mn proportion increased in the fraction containing vacuole contents (Figure 2b).




3.2. Aluminium


Aluminium in the soil solution increased with Mn supplementation to the acidic soil (Table 1). Wheat root Al concentrations were around 10-fold higher than those in shoots. In the control soil (0 mg MnCl2/kg soil), roots contained 6203 mg Al/kg plant DW (dry weight), while in shoots, Al was detected at 744 mg/kg DW (Figure 3a). With higher soil Mn levels, Al concentration decreased at the root system and increased in the shoots. Both whole-plant (BAC) and root (root BCF) Al uptake decreased, while shoot uptake (shoot BCF) showed no statistically significant variation (Figure 3b). Aluminium appeared to be rapidly excluded from wheat roots and/or translocated from wheat roots to shoots with increasing soil Mn concentrations, as indicated by the increase in Al translocation factor (TF) (Figure 3a).



In both roots and shoots, Al was mostly kept at the cell wall fraction and in cellular organelles fraction (Figure 4a,b). In the roots, Al proportions seemed to increase in the organelle fraction in the intermediate soil Mn level, while in wheat shoots, there was an increase only at the highest supplemented Mn concentration.




3.3. Iron


Soil solution Fe increased with supplemented Mn in the acidic soil (Table 1). In wheat roots, Fe was detected in concentrations 10-fold higher than in the shoots. While roots decreased from 3260 to 2300 mg Fe/kg DW, shoots increased from 400 to 550 mg Fe/kg DW (Figure 5a). With higher soil Mn levels, Fe was preferentially translocated from roots to shoots (higher TF values). BCF values were decreased in wheat roots, while in the shoots were increased, with the highest soil Mn concentration, which suggests a preferential Fe uptake to the shoot (Figure 5b).



Subcellular tissue fractionation allowed for the assessment of preferential Fe acumulation sites. In wheat roots, Fe proportion increased in the apoplast and/or decreased in the cellular organelles (Figure 6a). With increasing soil Mn, there was an intermediate decrease of Fe proportion in the root apoplast. In wheat shoots, at the highest soil Mn concentration, Fe increased its proportion in the cellular organelles (Figure 6b).




3.4. Silicon


Soil solution Si levels increased with higher bioavailable Mn levels in the acidic soil (Table 1). In wheat roots, Si concentration decreased, while in the shoots increased with higher soil bioavailable Mn concentrations (Figure 7a). Si seemed to be highly translocated to the shoots, indicated by a sharp increase in TF. Root Si BCF showed a decrease, but no statistically significant alteration was detected in the shoots (Figure 7b). Despite the increase in Si concentration at wheat shoots, plant Si uptake ratio was negatively influenced by increasing soil Mn, as reflected by decreasing BAC, which suggests a high root-to-shoot translocation.



At the subcellular level, root Si showed a transient decrease in the cell wall fraction with increasing soil bioavailable Mn levels, while in the shoot, Si appeared to increase its proportion in the organelle fraction, with the increase in severity of Mn toxicity (Figure 8a,b).





4. Discussion


In acidic Cambic soils at southeast Portugal, Mn toxicity has been described as inducing low productivity through reduced plant growth and increased oxidative stress [28,35]. In a previous study, wheat nutritional status (Mg, Ca, P, and Mn) and antioxidant responses were assessed in an acidic soil with toxic Mn concentrations [28]. In these conditions, higher Mn levels in the soil promoted a decrease in nutrient uptake, a sharp increase in root and shoot Mn concentrations, an increased Mn translocation to shoot tissues, and a preferential accumulation of Mn at the shoot vacuoles, along with P and Mg. In the present work, the effects of toxic Mn concentrations in an acidic soil were followed, for the first time, for wheat Al, Fe, and Si uptake dynamics and subcellular redistribution. When no Mn was supplied to the acidic soil, Mn, Fe, or Al were detected in wheat shoots at high or toxic levels. In wheat, high concentrations are considered above 2.2 mg/kg for Al, 100 mg/kg for Mn, and 100 mg/kg for Fe [8]. Toxicity caused by individual metals is largely dependent on the concentrations of other metals and nutrients, but also on the susceptibility of wheat genotypes [3,34,38,39,40]. Due to this multi-factorial nature, limits of toxicity for these metals are generally not unanimously recognised in wheat, and several authors report different limits of toxicity [36,41,42,43].



After soil Mn supplementation, a higher amount of Mn competed with Al, Fe, and Si for the negative charges of soil organic matter compounds, which probably led to their increased concentration in the soil solution [5,43]. Wheat responded to the elevated bioavailable Mn concentrations with a reduction in Al, Fe, and Si uptake ratios. Root uptake was reduced while shoot concentrations were either slightly increased or unaltered (statistically insignificant changes). These elements seem to be transported outwards through the roots and/or translocated and stored in shoot tissues, along with Mn, to decrease their levels in the root system, in a similar, and apparently nonspecific, mechanism. In wheat, metal exclusion at the root system is a known mechanism to counter Al toxicity. Resistant plants often show an efflux of di- and tricarboxylic organic acids (e.g., citrate, malate, and oxalate) that chelate Al ions at the rhizosphere or form stable nontoxic complexes at the root surface [44]. The transporters responsible for these mechanisms were also found to permeate other relevant Al chelating anions [45]. Additionally, the release of carboxylates was determined to be a P-mobilising strategy in plants growing in soil with low P levels. This mechanism can be responsible for increased shoot metal levels since carboxylates can mobilise several micronutrients, including Fe, Mn, Cu, and Zn, alongside organic and inorganic P [46]. In the present work, similar mechanisms may be promoting increased shoot metal levels and/or element accumulation in the root apoplast, through e.g., metal/organic acid complexes.



In wheat, Fe and Mn uptake and efflux appears to be linked. Increase in Fe levels reduced shoot and root dry weights; promoted Fe accumulation in the shoots; and reduced Mn, Ca, and Mg uptake and translocation, despite these responses being dependent on wheat genotype [47,48]. Manganese, along with Fe and other metals, share common entry routes at the root system. These elements compete for root uptake through broad specificity metal transporters, whose position and abundance appear to be regulated by the plant to maintain an internal metal homeostasis [49,50,51,52,53].



Under metal toxicity, Si supplementation promotes a great number of stress mitigative mechanisms [54]. Subcellular redistribution of excessive Mn was observed in cucumber and cowpea. In cucumber, shoot Mn was redirected to the cell wall fraction reducing Mn toxicity stress in the symplast [55], and in cowpea, this mechanism was linked to a modification of cation binding capacity in cell wall components, leading to a co-precipitation of Mn and Si [56,57]. In wheat, Si seems to enhance root to shoot translocation of Mn [58] and induce changes in the molecular structure of chlorophyll, increasing seedling growth [59]. In the present study, Si accumulated in the organelle fraction in response to increased vacuolar Mn accumulation. This might suggest a protective role under increased stress.



Different soil Mn concentrations seem to promote different stress coping mechanisms at root or shoot tissues. At the root, the intermediate soil Mn concentration promoted an increase in organelle proportions of Al, Fe, and Si, suggesting that, at these toxic Mn levels, stress coping mechanisms involving metal compartmentalisation are mainly occurring in wheat roots. At the highest soil Mn concentration, subcellular redistribution of Al, Fe, and Si is mainly observed in wheat shoots. At these Mn levels, wheat plants may be under extreme Mn toxicity and are less efficient in maintaining lower organelle proportions of Al and Fe. At this stage, increased amounts of Si in the organelle fraction may be beneficial for coping with metal stress, given its previously described protective effects by managing e.g., wheat shoot photosynthesis, electrolyte leakage, membrane stability, oxidative status, or the accumulation of protective compounds [23,60].




5. Conclusions


The occurrence of metal toxicities is common in acidic soils and depends on soil chemical composition and plant characteristics. This phenomenon can generally be allied to induced nutrient deficiencies that complicates pinpointing specific symptoms of toxicity in the plant. In the present work, rising bioavailable Mn levels in the soil led to an overall inhibition in Al, Fe, and Si uptake. Increase in Mn toxicity stress promoted metal efflux at the root and/or increased metal translocation to the shoot. At the shoot, while Mn seemed to be stored in the vacuole, Al, Fe, and Si levels increased in the organelle fraction, suggesting a disruption in element homeostasis. The assessment of element toxicity can take advantage of multi-element fractionation and mass spectrometry-based high-throughput analytical approaches to ascertain the synergistic role of plant essential and non-essential nutrients towards element homeostasis under stress conditions.
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Figure 1. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Mn in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 






Figure 1. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Mn in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test.
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Figure 2. Subcellular distribution of Mn (cell wall, white columns; organelle, grey columns; and vacuole contents fractions, black columns) in roots (a) and shoots (b) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Values next to bars are fraction element quantities in 100 mg of shoot fresh weight (µg/100 mg FW). Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 
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Figure 3. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Al in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 






Figure 3. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Al in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test.
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Figure 4. Subcellular distribution of Al (cell wall, white columns; organelle, grey columns; and vacuole content fractions, black columns) in roots (a) and shoots (b) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Values next to bars are fraction element quantities in 100 mg of shoot fresh weight (µg/100 mg FW). Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 






Figure 4. Subcellular distribution of Al (cell wall, white columns; organelle, grey columns; and vacuole content fractions, black columns) in roots (a) and shoots (b) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Values next to bars are fraction element quantities in 100 mg of shoot fresh weight (µg/100 mg FW). Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test.
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Figure 5. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Fe in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 






Figure 5. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Fe in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test.
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Figure 6. Subcellular distribution of Fe (cell wall, white columns; organelle, grey columns; and vacuole contents fractions, black columns) in roots (a) and shoots (b) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Values next to bars are fraction element quantities in 100 mg of shoot fresh weight (µg/100 mg FW). Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 
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Figure 7. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Si in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 






Figure 7. Concentration ((a), columns), translocation factor (TF, triangles) ((a), line), bioconcentration factors (BCF) ((b), columns), and bioaccumulation coefficient (BAC, triangles) ((b), line) of Si in roots (white columns) and shoots (grey columns) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test.
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Figure 8. Subcellular distribution of Si (cell wall, white columns; organelle, grey columns; and vacuole contents fractions, black columns) in roots (a) and shoots (b) of wheat grown for 3 weeks in an acidic soil supplemented with MnCl2. Values next to bars are fraction element quantities in 100 mg of shoot fresh weight (µg/100 mg FW). Different letters indicate statistically significant differences (p < 0.05) on the basis of Tukey’s test. 
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Table 1. Concentration of Mn, Al, Fe, and Si (µg element/kg soil DW) in the soil solution extracted from the MnCl2 supplemented acidic soil, in the vicinity of roots of wheat grown for 3 weeks.
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Element

	
mg MnCl2/kg Soil DW




	
µg/kg

	
0.0

	
45.2

	
90.4






	
Mn

	
642.0 ± 5.6

	
2247.4 ± 13.8

	
4152.8 ± 46.9




	
Al

	
233.0 ± 3.4

	
264.8 ± 2.4

	
280.7 ± 4.1




	
Fe

	
8.4 ± 0.0

	
8.7 ± 0.1

	
9.4 ± 0.0




	
Si

	
768.7 ± 9.1

	
879.1 ± 13.9

	
996.8 ± 13.6
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