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Abstract

:

Synergistic effects between ligand- and reductant-based Fe acquisition strategies can enhance the mobilization of Fe, but also of competing metals from soil. For phytosiderophores, this may alter the time and concentration window of Fe uptake during which plants can benefit from elevated Fe concentrations. We examined how the size of this window is affected by the ligand and reductant concentration and by non-simultaneous addition. To this end, a series of kinetic batch experiments was conducted with a calcareous clay soil to which the phytosiderophore 2′-deoxymugineic acid (DMA) and the reductant ascorbate were added at various concentrations, either simultaneously or with a one- or two-day lag time. Both simultaneous and non-simultaneous addition of the reductant and the phytosiderophore induced synergistic Fe mobilization. Furthermore, initial Fe mobilization rates increased with increasing reductant and phytosiderophore concentrations. However, the duration of the synergistic effect and the window of Fe uptake decreased with increasing reductant concentration due to enhanced competitive mobilization of other metals. Rate laws accurately describing synergistic mobilization of Fe and other metals from soil were parameterized. Synergistic Fe mobilization may be vital for the survival of plants and microorganisms in soils of low Fe availability. However, in order to optimally benefit from these synergistic effects, exudation of ligands and reductants in the rhizosphere need to be carefully matched.
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1. Introduction


Iron (Fe) is an essential micronutrient to plants and most microorganisms [1,2]. Although it is abundant in most environments, it is not always sufficiently bioavailable, particularly in environments with a circumneutral pH, e.g., calcareous soils [3]. Poor Fe bioavailability can lead to Fe deficiency, resulting in reduced primary productivity and yield losses [4,5].



Plants have developed Fe acquisition strategies to cope with low Fe availability [6,7]. These strategies are largely based on classical mineral dissolution mechanisms: proton-promoted dissolution, reductive dissolution and ligand-promoted dissolution [8,9]. So-called Strategy I plants increase proton exudation, exude reductants and upregulate the ferric chelate reductase activity to lower the pH and reduce Fe(III) to the more soluble Fe(II) [2]. Strategy II plants (grasses, including staple crops like wheat, barley, rice and corn) exude chelating ligands called phytosiderophores [10,11,12]. Phytosiderophores can form soluble complexes with soil-Fe that can readily be taken up by the plant roots [13]. They are exuded in a diurnal pulse release that starts a few hours after the onset of light and last for a few hours [14,15]. Upon exudation, a time and concentration window of Fe uptake commences during which phytosiderophores increase Fe availability [16]. This window is constrained by the phytosiderophore exudation rate, the solubility of Fe minerals, the Fe mobilization rate, adsorption of the phytosiderophore ligand and its metal complexes, biodegradation of the ligand and complexation of competing metals.



In most studies the reactivity of exuded compounds is examined independently. However, in the plant rhizosphere, exudates are composed of a complex mixtures of compounds [17,18], which may interact, affecting their mutual reactivity [19,20]. For example, the Fe concentration mobilized by compound A and compound B in a combined treatment may be larger than the sum of the Fe concentrations mobilized in separate treatments with A and B. Such non-additive effects are termed ‘synergistic Fe mobilization’ in the context of this study. Synergistic Fe mobilization in the presence of low molecular weight organic acids (LMWOA) and (phyto)siderophores has been well-documented in goethite model systems [19,21,22,23,24] and was recently also examined in soil [25].



In the late 1980s, Stumm and co-workers found that reductants and ligands can also synergistically mobilize Fe in the dissolution of Fe(hydr)oxide minerals [26]. However, these studies were conducted under conditions remote from those under which Fe deficiency occurs. Recently, Wang et al. demonstrated that synergistic Fe mobilization by a ligand and a reductant can also occur at circumneutral pH, under oxic conditions [27]. Subsequent studies demonstrated that the reductant reduces Fe(III) to Fe(II), which can catalyze ligand-controlled dissolution at sub-micromolar Fe(II) concentrations, for a variety of Fe(hydr)oxide minerals and over a broad environmentally relevant pH range [28]. These findings were supported by ATR-FTIR analysis and isotope exchange experiments [29].



Schenkeveld et al. showed for multiple chelating ligands that synergistic metal mobilization by ligands and reductants can also occur in calcareous soil environments (pH 7–8). Synergistic metal mobilization was not only observed for Fe, but also for Co, Ni, Zn and Mn [20]. Metal mobilization rates in combined treatments were particularly enhanced in the first minutes to hours of interaction with the soil.



Synergistic Fe mobilization in the presence of ligands and reductants may be vital for the survival of plants and microorganisms in soils with low Fe availability. In the present study we focus on synergistic Fe mobilization involving phytosiderophores, because of the wide occurrence of grasses, their importance in food production and their potential to provide other plant species with Fe in natural and agricultural ecosystems [30,31]. Reductants in the rhizosphere of grass roots may be exuded by roots of Strategy I plants [32] growing in close proximity, microorganisms [1,33,34] inhabiting the rhizosphere, or possibly also by the grasses themselves. A new class of root exudates with reducing properties called coumarins have recently been identified [35,36,37], and research on which species exude these compounds is ongoing.



For phytosiderophores, synergistic Fe mobilization from soil proved transient; the synergistic phase was followed by an antagonistic phase, in which the combined ligand and reductant treatment mobilized less Fe than the sum of the separate reductant and ligand treatments [20]. This resulted from enhanced mobilization of competing metals like Ni and Co, which formed more stable metal-phytosiderophore complexes and outcompeted Fe faster under these specific soil conditions.



In the current study, we hypothesize that the size and duration of the synergistic effect in soils may be highly sensitive to the phytosiderophore and the reductant concentration and that the transient nature of synergistic Fe mobilization is related to complexation of competing metals and the depletion of the free ligand. In this sense, we are testing the application of the concept of a time and concentration window of Fe uptake that is enlarged by fast Fe mobilization rates, but diminished by processes such as competitive metal complexation and other loss terms. Also, we hypothesize that a non-simultaneous release of reductant and phytosiderophore will diminish the synergistic mobilization of Fe and the window of Fe uptake.



To test these hypotheses, we examined metal mobilization and the reductant concentration in a series of kinetic batch experiments with a calcareous clay soil to which the phytosiderophore 2′-deoxymugineic acid (DMA) and the reductant ascorbate were added.




2. Materials and Methods


2.1. Materials


Soil—The top layer (0–20 cm) of a calcareous clay soil from Santomera (Murcia, Spain) was sampled. This soil has a low reactive Fe content (ammonium oxalate extractable Fe: 0.5 g kg−1) and bioavailable Fe content (DTPA-extractable: 4.9 mg kg−1) and has been used in multiple studies on Fe deficiency in Strategy I and II plants [15,38]. The soil was air-dried and sieved over 2 mm. It has a pH of 7.8, a clay content of 30%, a calcium carbonate content of 50% and soil organic matter content of 1.5%. Selected soil parameters are presented in Table A1.



Chemicals—The ammonium salt of 2′-deoxymugineic acid (DMA) was synthesized in accordance with Namba et al. [39] with a purity larger than 95% as determined by H-NMR. Ascorbic acid was purchased from Merck. Ascorbate can be exuded by plants roots [40] and has been used as a model reductant in this study. Ascorbate solutions were prepared freshly directly before application. Both ascorbate and DMA readily dissolved in water. Analytical grade chemicals and ultra-pure water were used for preparing experimental solutions. The pH of experimental solutions was adjusted to the range 5–9; the buffer capacity of the soil brought the experimental solutions to soil pH.




2.2. General Experimental Procedure


Experiments were done in 50-mL polypropylene tubes (Greiner bio one) in a soil-solution ratio (SSR) of 1 (kg L−1) with 10 mM CaCl2 as background electrolyte. The influence of microbial activity on metal mobilization was examined by including treatments with and without a sterilant (0.2 g L−1 Bronopol). Bronopol does not affect mobilization of metals by DMA from Santomera soil [41]. Blank treatments without addition of DMA or ascorbate were also included. Soil samples were pre-equilibrated with electrolyte solution (and sterilant, when required) for two days at 90 percent of the final solution volume, prior to addition of ascorbate and DMA, to prevent fast mobilization of labile metal pools generated during soil drying [42]. Samples were placed in an end-over-end shaker rotating at 18 rpm in the dark at 20 ± 1 °C. Sampling was done in a sacrificial manner after 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96 and 168 h, except in the ‘ascorbate residence time in soil solution’ experiment, after 0.083, 0.25, 0.5, 1 and 4 h, and the ‘varying ligand and reductant concentration’ experiment, after 0.25 h. Samples were centrifuged for 3 min at 4500 rpm and filtered over 0.45 µm cellulose acetate filters (Whatman Aqua 30/0.45 CA). The pH of the filtrate was measured and the filtrate was further analyzed.




2.3. Experiments


Ascorbate residence time in soil solution—To assess the time frame during which ascorbate reduces soil constituents, the residence time of ascorbate in soil solution was examined. 1 mM Ascorbate was added to Santomera soil and the soil solution was sampled over time. After filtration, the ascorbate concentration was determined spectrophotometrically.



Lag time between addition of reductant and chelating ligand—To investigate if metal mobilization by phytosiderophores that are released in a diurnal pulse may be affected by reductants that have been released before the phytosiderophores exudation pulse, we investigated the effect of a lag time between PS and reductant additions on metal mobilization as a function of time. 1 mM ascorbate was added, either simultaneously, or one or two days prior to a 100 µM DMA addition. The moment of DMA addition was set to t = 0; ascorbate was added at either t = –48 h, t = –24 h or t = 0.



Varying reductant concentration—The influence of the reductant concentration on metal mobilization in the presence of a phytosiderophore was examined as a function of time. For this purpose ascorbate (0, 0.1, 0.3 or 1.0 mM) and DMA (100 µM) were added simultaneously to Santomera soil.



Effect of microbial activity—Biodegradation may reduce the effectiveness of iron mobilizing exudates over time, essentially closing the concentration window of Fe uptake. The effect of biodegradation on this window was examined by repeating the varying reductant concentration experiment, yet without addition of Bronopol.



Varying ligand concentration—The influence of the phytosiderophore concentration on metal mobilization in presence of a reductant was examined as a function of time. For this purpose DMA (10, 30 or 100 µM) and ascorbate (0 or 1 mM) were added simultaneously to Santomera soil.



Varying ligand and reductant concentration—The possibility of synergistic Fe mobilization at naturally occurring phytosiderophore concentrations was examined, and the phytosiderophore to reductant ratio for optimizing Fe mobilization was assessed, by varying both the phytosiderophore and the reductant concentration for a single interaction time. Ascorbate (0, 0.05, 0.1, 0.2 and 0.3 mM) and DMA (0, 10, 20, 30 and 50 µM) were added to Santomera soil simultaneously in all combinations of concentrations and interacted for 0.25 h.




2.4. Analysis


Metal concentrations (Fe, Cu, Ni, Co, Zn, Mn and Ca) were determined by ICP-OES (Optima 5300 DV, PerkinElmer). Samples were acidified with nitric acid prior to analysis. Mobilized metal concentrations were calculated as the difference in metal concentration between the treatment involving a ligand or a reductant (or both) and the corresponding blank treatment.



Ascorbate concentrations were determined spectrophotometrically with methylene blue. The decolorization rate of methylene blue by reduction relates logarithmically to the ascorbate concentration in solution. Samples were acidified to 0.5 M HCl and methylene blue was added to a concentration of 10 µM. Absorbance was measured at 665 nm with a photospectrometer (Varian Cary 50), 60 s after addition of the methylene blue. This short reaction time was chosen to minimize the re-oxidation of methylene blue with atmospheric oxygen. Calibration standards were prepared using soil extract to match the matrix with the experimental samples, and the redox buffer capacity of DOC present in soil solution was accounted for.





3. Results and Discussion


3.1. Ascorbate Residence Time in Soil Solution


To quantitatively assess time scales of ascorbate interactions with soil, ascorbate was added to a soil suspension and the remaining ascorbate concentration in the soil solution was examined as a function of time. After application of 1 mM ascorbate its concentration dropped to near the limit of quantification (0.02 mM) within 0.083 h (5 min) and further decreased to background level in the following 10 min (Table A2 and Figure A1). Although losses from solution related to ascorbate adsorption to soil surfaces cannot be excluded, these results suggest that the reaction of ascorbate with the soil was near instantaneous and complete. This is consistent with previous observations of strong initial mobilization of several metals after combined additions of ligands and ascorbate [20].




3.2. Lag Time between Addition of Reductant and Chelating Ligand


To investigate a potential memory effect from reductants after their loss of reactivity (as observed in the previous experiment) on metal mobilization by chelating ligands, we performed experiments where 100 µM DMA was added one or two days after application of 1 mM ascorbate. By itself, ascorbate (ascorbate-only treatment) did not mobilize metals from Santomera soil to a substantial degree, except for Mn (Figure 1). Potential formation of new mineral phases as a result of ascorbate addition was not examined spectroscopically; equilibrium modeling with PhreeqC using the Minteq database suggested no saturation of Fe(II) or Mn(II) carbonate minerals had occurred (data not shown).



Despite the high reactivity and short residence time of ascorbate in soil, synergistic mobilization of Fe, Ni, Co and Zn was still observed when DMA was applied one or two days after the ascorbate (Figure 1 and Figure A2). This demonstrates that ascorbate-induced changes in metal speciation, and enhanced availability of Fe and other metals for complexation by DMA were preserved far beyond the residence time of ascorbate in the soil. It implies that exudation of reductants and phytosiderophores does not have to be simultaneous in order for plants to benefit from synergistic Fe mobilization.



In all treatments with DMA, mobilized Fe concentrations first increased, reached a maximum and then decreased. This time course of Fe mobilization represents the concentration window during which Fe availability to plants and microorganisms is enhanced. Synergistic Fe mobilization, defined as a more than additive mobilization of Fe in the presence of the ligand and the reductant, is a process that may potentially increase the size of the window. For all treatments with DMA and ascorbate, an initial synergistic effect was observed. The maximum synergistic effect was reached after 1 h and the size of the effect decreased with increasing lag-time between applications. The synergistic effect disappeared between 4 and 8 h after DMA application, after which Fe mobilization became antagonistic. The interaction time during which Fe concentrations increased was positively correlated to increasing lag times and was longest when no ascorbate was added (Figure 1a).



A prominent feature of the time and concentration window is the maximum soluble Fe concentration. Counter-intuitively, ascorbate additions diminished the observed maximum mobilized Fe concentrations compared to the DMA-only treatment. After the respective maximum Fe concentrations were reached in the treatments with ascorbate addition, Fe concentrations converged over time. Compared to the DMA-only treatment, the window of Fe uptake was reduced by the presence of the reductant in all treatments containing ascorbate. However, during the first hour after DMA addition over 60 and 40% additional Fe were mobilized in the treatments with a lag time of one or two days, respectively, compared to the DMA-only treatment (Figure 1a). In view of processes like biodegradation, which may be accelerated in rhizosphere soil due to high microbial activity, and thereby may further limit the lifetime of phytosiderophore ligands in the soil, Fe mobilization in the first few hours may be of high importance in plant Fe acquisition.



As discussed above, the window of Fe uptake may be reduced by metal exchange processes leading to the loss of soluble FeDMA and increasing concentrations of competing metal complexes over time. In treatments with DMA, Ni and Co concentrations increased throughout the experiment. A considerable synergistic effect in Ni and Co mobilization by DMA and ascorbate was observed in experiments with simultaneous additions and in treatments with a one- or two-day lag phase between the applications (Figure 1b,c). Puschenreiter et al. (2017) demonstrated that enhanced phytosiderophore exudation by wheat plants increased Ni mobilization and uptake from certain soils [43]; similarly, synergistic Ni mobilization may also enhance Ni uptake. Ni and Co concentrations converged over time in treatments with DMA and ascorbate. Similar to Fe mobilization, the initial mobilization rates for Ni and Co were smaller in the combined treatments with a lag phase compared to simultaneous application. This resulted in a slower depletion of the free DMA ligand concentration, and consequently a later onset of competitive exchange with Fe, explaining why maximum Fe mobilization was reached later. The lag phase decreased Ni and Co mobilization rates less strongly than Fe mobilization rates, resulting in lower maximum mobilized Fe concentrations in the treatments with a lag phase.



As previously reported, Cu and Zn mobilization were not strongly affected by application of ascorbate in addition to DMA [20] (Figure A2). Mn mobilization was mainly affected by ascorbate addition. Differences in mobilized Mn concentrations between treatments (Figure 1d) largely resulted from defining t = 0 as the moment of DMA addition rather than ascorbate addition (except in the ascorbate-only treatment where t = 0 corresponds with the moment of ascorbate addition). In Figure A3 Mn mobilization data are presented with t = 0 corresponding with the moment of ascorbate addition for the ascorbate-only and the combined ascorbate and DMA treatments. It illustrates that synergistic Mn mobilization upon DMA addition is small and short-lived.



Enhanced metal mobilization in treatments with combined application of ascorbate and DMA may result from reductive dissolution of minerals with which these metals were associated. The strong increase in Mn concentration suggests that Mn(hydr)oxide minerals strongly compete with Fe bearing phases as electron acceptor in ascorbate oxidation leading to reductive dissolution of these minerals. Ni and Co are known to associate strongly with Mn(hydr)oxide minerals [44,45], and Fe can also be incorporated in such minerals [46]. Re-oxidation of Mn is kinetically slow [47], as illustrated by the slow decline in Mn concentration, therefore metals are not quickly reincorporated and may remain more available for complexation for a longer period. Reduction of surface metal ions of metal(hydr)oxides by ascorbate may also lead to electron transfer and atom exchange (ETAE) [48] which can release substituted metals from the crystal lattice [49,50] and make them available for complexation by DMA. Furthermore, reductive dissolution of crystalline Fe(hydr)oxide minerals and subsequent oxidative re-precipitation in the presence of humic substances can result in the formation of poorly crystalline Fe minerals [51], that are more readily complexed by DMA. The decline in synergistic effect with increasing lag time may in part be due to a slow recrystallization [52], making Fe gradually less available for complexation. It was however recently reported that Fe mineral association with humic substances [53] or with ascorbate [54] may hinder recrystallization even in the presence of Fe(II).



It should be noted that the experiments were done in the presence of atmospheric oxygen in the headspace of the batch reactors in order to mimic the conditions in aerated soil where iron limitation typically occurs. Therefore, oxygen will ultimately re-oxidize Fe(II) and Mn(II) as transient intermediates. In contrast to Mn(II), the re-oxidation of Fe(II) is rapid under oxic conditions at non-acidic pH, particularly in the presence Fe(hydr)oxide mineral surfaces [55]. Therefore it is improbable that the synergistic Fe mobilization observed after a lag phase of one or two days is related to transient Fe(II) concentrations.




3.3. Varying Reductant Concentration


The effect of the reductant concentration on the synergistic effect and the window of Fe uptake was examined in a series of experiments in which the ascorbate concentration was varied for a fixed DMA concentration.



Initially, mobilized Fe concentrations in treatments with DMA increased with increasing ascorbate concentration added (Figure 2a); differences between the treatments with 0.3 and 1 mM ascorbate were, however, small. The time required for the mobilized Fe concentration to reach a maximum decreased with increasing ascorbate concentration; from 24 h for 0.1 and 0 mM ascorbate to 1 h for 1 mM ascorbate. Subsequently, the mobilized Fe concentration declined. Also the duration of synergistic Fe mobilization decreased with increasing ascorbate concentration (from 24 h with 0.1 mM to 4 h with 1 mM). The maximum synergistically enhanced Fe concentration, however, increased with increasing ascorbate concentration and was over three times larger for 1 mM than for 0.1 mM ascorbate. For all ascorbate concentrations, ~65% of the maximum synergistically enhanced Fe concentration was already reached after 0.25 h. While we investigated the effect of ascorbate concentrations in the absence of DMA, we observed negligible metal (including Fe) mobilization except for Mn and we only represent the 1 mM ascorbate treatment for comparison in Figure 2.



In the presence of DMA, mobilized Ni and Co concentrations increased throughout the experiment and were consistently larger in treatments with larger applied ascorbate concentrations (Figure 2b,c). Differences in mobilized Ni concentrations between these treatments increased up to 48 h, after which they mildly decreased. Approximately 40% of the maximum synergistically enhanced Ni concentration was reached after 0.25 h for all ascorbate concentrations. Differences in Co mobilization between these treatments increased up to 96 h, except for differences relative to the 1 mM ascorbate, which reached a maximum after 4 h and declined after that. The fraction of the maximum synergistically enhanced Co concentration reached after 0.25 h ranged from ~30% for 0.1 mM ascorbate to ~75% for 1.0 mM ascorbate



For Mn, ascorbate largely governed the mobilized concentrations; the contribution from DMA was subordinate. Both the initial Mn mobilization and the subsequent rate of decline in Mn concentration were proportional to the applied ascorbate concentration, in the absence as well as in the presence of DMA. The synergistic effect in Mn mobilization decreased from 0.25 h on and had become marginal after 24 h. Ascorbate only had a minor effect on Cu mobilization by DMA (Figure S4a). Zn mobilization by DMA was only substantially affected by the highest applied ascorbate concentration (1 mM) (Figure S4b); in this treatment a small initial synergistic effect changed after 8 h into antagonistic effect.



For Fe, Ni, Co and Mn, the initial mobilization rates (from t = 0 to 0.25 h) were linearly related to the applied ascorbate concentration (Figure 3); for Mn this was the case both in presence and absence of DMA, for Fe, Ni and Co mobilization in absence of DMA was negligible. The intercepts in Figure 3 corresponds with ligand-promoted dissolution rate. For Ni, Co and Mn the linear relation held for the entire applied ascorbate concentration range, for Fe up to 0.3 mM, after which a plateau was reached. This could suggest that Fe originates from a different source in the soil than Ni, Co and Mn (i.e., Mn-oxide minerals). These linear relations demonstrate that initial mobilization of the aforementioned metals from Santomera soil is first order in the applied ascorbate concentration. The slopes of the linear fits are a measure for the responsiveness of the initial mobilization rate to the ascorbate concentration. Until the plateau was reached, Fe was more sensitive to synergistic mobilization than the competing metals Ni and Co (Figure 3). Beyond 0.3 mM ascorbate addition, the additional gain in synergistic Fe mobilization was small (Figure 2a and Figure 3), but mobilization of Co and Ni continued to increase (Figure 2b,c), leading to a considerably faster onset of competitive displacement of Fe from FeDMA by Ni and Co and subsequent decline in the mobilized Fe concentration. This demonstrates that once an optimum reductant concentration was reached, further addition had a detrimental effect on the size of the window of Fe uptake.




3.4. Effect of Microbial Degradation


Microbial degradation constrains the residence time of phytosiderophores in the rhizosphere [56] and hence the window of Fe uptake [16]; the duration of the synergistic effect cannot extend beyond this. In treatments where microbial activity had not been suppressed, DMA-mediated Fe mobilization reached background values within 24 h as a result of DMA ligand degradation (Figure 4), while in the DMA-only treatment with Bronopol, the mobilized Fe concentration reached its maximum after this time. In view of the time constraint imposed by microbial degradation, Fe mobilization faster than in the DMA-only treatment is favorable for the size of the window of Fe uptake (e.g., 0.3 mM ascorbate + 100 mM DMA), as long as the negative impact from enhanced mobilization of competing metals leading to Fe displacement from FeDMA complexes does not exceed the gain (e.g., 1.0 mM ascorbate + 100 mM DMA) (Figure 4).




3.5. Varying Ligand Concentration


Concentrations of exuded ligands may vary over short spatial distances in the rhizosphere. In this context we investigated the effect of ligand concentration on iron mobilization at a fixed ascorbate concentration of 1 mM (Figure 5a). We observed synergistic Fe mobilization for up to 4 h in the presence of 100 µM DMA. In the presence of 30 and 10 µM DMA, an antagonistic effect was observed from the first time point on (0.25 h) and Fe mobilization was negligible. In contrast, substantial Fe mobilization was observed in the corresponding DMA-only treatments. In previous studies a faster depletion of the free DMA ligand and an earlier onset of competitive displacement of Fe from FeDMA had been observed for smaller applied DMA concentrations [16,42]. Similarly, in the treatments with 10 and 30 µM DMA, a strong enhancement in availability of competing metals due to ascorbate addition relative to the amount of ligands available for complexing these metals can dramatically enhance competitive metal exchange reactions. This is illustrated by strongly enhanced mobilization of Ni and Co that was observed for all applied DMA concentrations for the entire duration of the experiment (Figure 5b,c). Ni was the only metal for which the concentration increased throughout the experiment in all treatments, consistent with the predicted DMA equilibrium speciation for Santomera soil [57]. The synergistic effect for Ni reached a plateau after approximately 24 h. In all treatments without ascorbate and in the combined treatment with 100 µM DMA and ascorbate, Co concentrations increased continuously. In the combined treatments with 10 and 30 µM DMA, the mobilized Co concentration declined after a rapid initial mobilization. Co was effectively displaced from CoDMA by Ni and Cu. This decline in Co concentration coincided with a decline in Mn concentration (Figure 5d), which was observed in all treatments where ascorbate was applied. Co liberated by reductive dissolution of Mn-oxide minerals may re-associate with freshly forming Mn-oxide minerals during slow re-oxidation of soluble Mn(II). Also, the slow oxidation of Co(II) to Co(III) at these Mn-oxide surfaces [58] may reduce Co activity, facilitating competitive displacement of Co from CoDMA. For Mn a synergistic effect was only observed with 100 µM DMA; at lower DMA concentrations, Mn mobilization was entirely controlled by the ascorbate. For both Cu and Zn mobilization, combined ascorbate and DMA application generated a temporary synergistic effect with 100 µM DMA, but an antagonistic effect with 10 and 30 µM DMA from 0.25 h onward, similar as for Fe mobilization (Figure 5e,f).



These observations suggest that the mobilization of competing metal ions may reduce the duration of (synergistic) Fe mobilization to the extent that plants may no longer be able to benefit from the ligands they exude. It underlines that matching the exuded amounts of ligand and reductant into the rhizosphere is critical.




3.6. Varying Ligand and Reductant Concentration


The results from the Varying ligand concentration experiment raise the question if synergistic Fe mobilization is in fact possible in Strategy II Fe acquisition: in experiments with wheat plants grown on calcareous soils, phytosiderophore pore water concentrations were in the lower micromolar range [15], while no synergistic Fe mobilization was observed for up to 30 µM DMA due to enhanced Ni and Co mobilization (Figure 5). However, the total phytosiderophore concentration (solid + solution) might be up to an order of magnitude larger than the pore water concentration as a result of adsorption [42,59]. Also, phytosiderophore concentrations in the rhizosphere are presumably larger than the pore water average [60]. Furthermore, the 1 mM ascorbate concentration proved excessive for generating synergistic Fe mobilization in the aforementioned pore water phytosiderophore concentration range on the timescales examined. Therefore, the potential for synergistic Fe mobilization with naturally occurring phytosiderophore concentrations was examined by varying the phytosiderophore concentration (in the range of tens of micromolars), as well as the ascorbate concentration (in the range of tenths of millimolars). Metal mobilization was examined after a short interaction time (0.25 h) to minimize the effect of competitive Fe displacement from FeDMA complexes.



Synergistic Fe mobilization was observed for the entire tested DMA concentration range (10–50 µM), increasing the mobilized Fe concentration by up to 25% for 10 µM DMA and by up to 100% for 20 µM DMA (Figure 6a). The ascorbate concentration for which synergistic Fe mobilization was largest increased with increasing DMA concentration, from 0.1 mM for 10 µM DMA to 0.2 mM ascorbate for 20 µM DMA, while for higher DMA concentrations no maximum was reached yet. For 10 µM DMA combined with 0.3 mM ascorbate an antagonistic effect was found already after 0.25 h.



Rate laws were developed to quantitatively describe the kinetics of metal mobilization from soil. Recently, Kang et al. captured the catalytic effect of Fe(II) on ligand-promoted dissolution of Fe(hydr)oxide minerals in a rate-law equation:


Rnet = RL + Rcat = kL, [L]ads + kFe(II)[Fe(II)]ads [L]ads



(1)




in which Rnet is the net dissolution rate, RL is the ligand–promoted dissolution rate, Rcat is the rate enhancement due to Fe(II) catalysis, kL is the rate coefficient of ligand-controlled dissolution, [L]ads is the adsorbed ligand concentration, kFe(II) is the rate coefficient associated with the effect of Fe(II) on ligand-controlled dissolution and [Fe(II)]ads is the adsorbed (II) concentration. In this previous study, Fe(II) was used as reductant of Fe(III) in the mineral structure and no net reduction of Fe occurred. In the present study, net reduction of metals in the soil by a reductant (ascorbate) and subsequent reductive dissolution occurs, which has to be included in an expanded conceptual model describing net mobilization rates (Rnet ([mol L−1 s−1])). In this expanded conceptual model we assume linearly additive contributions from the ligand-only (RL), from the reductant-only (RR) and from the synergism between the two (Rsyn):


   R  n e t   =  R L  +  R R  +    R  s y n    



(2)







Because soils are multi-phase systems, they generally will not conform to mechanistic rate laws describing surface-controlled ligand-promoted or reductive dissolution as developed previously for pure iron oxides, e.g., by Banwart et al. Instead, for soils we described the rate as a function of applied concentrations:


   R  n e t   =  k  D M A      [  D M A  ]   a  +  k  a s c      [  a s c o r b a t e  ]   b  +    k  s y n      [  a s c o r b a t e  ]   c     [  D M A  ]   d   



(3)




in which kDMA, kasc, ksyn are the conditional rate constants for metal mobilization by DMA-only [s−1], ascorbate-only [s−1] and for synergistic metal mobilization by ascorbate and DMA [L s−1 mol−1], respectively, and a, b, c and d are the rate orders. For the DMA ligand, overall adsorption to Santomera soil is linearly related to the applied concentration [59]; however, the distribution of the ligand over reactive surfaces in the soil and the role of ligand exchange reactions with natural organic matter (NOM) in relation to metal mobilization remain unspecified.



Experimentally observed mobilized metal concentrations after 0.25 h (Figure 6) were converted into average initial mobilization rates (Figure 7) by dividing them by 900 s. Rate constants kDMA, kasc and ksyn and rate orders a, b and c were fit to these rates (Rnet; Equation (3)) for the individual metals (Table 1) using the Excel solver. kasc and b were only fit for Mn, because it was the only metal showing an increase in solution concentration in the ascorbate-only treatments. For Fe, Ni, Co and Mn rate order d was fixed at 1, based on the results from the varying reductant concentration experiment. For Mn, Cu and Zn the concentration data did not indicate a synergistic effect (Figure A4). For these metals, ksyn and c were not fit. Only rates from treatments unaffected by competitive displacement (i.e., for which the mobilized Fe concentration increased linearly with the applied ascorbate concentration for a fixed DMA concentration; Figure 6a) were included in the fitting (12 in total; Table S3). For comparison, rates calculated with the fitted parameters are included in red in Figure 7. The excellent agreement between measured and calculated rates shows in the high R2 values and the tangents close to 1 of the linear regressions between the two (Table 1).



Because the rate orders a and c differ among metals, differences in rate constants kDMA and ksyn cannot be directly interpreted in terms of differences in mobilization rates. All values for a and c were between 0 and 1, where 0 represents a DMA concentration independent mobilization rate, and 1 represents a linear increase in mobilization rate with increasing DMA concentration. The a-values for Fe, Zn and Cu are within a close range (a = 0.32–0.37), implying a similar, non-linear DMA concentration dependency in the mobilization rate (Table 1). For Ni mobilization, with an a-value of 0.91, there is near-linear relation with the DMA concentration. In a previous study with Santomera soil, it was hypothesized that DMA may mainly mobilize Ni from hydroxide minerals, and Fe, Zn and Cu from SOM [42]. Possibly the difference in rate order is related to a difference in soil constituent from which DMA mobilized the metals. For Co and Mn no values for kDMA and a could be determined, due to the low mobilized concentrations in absence of ascorbate.



Reductive dissolution of pure Mn-oxide minerals has been reported to follow first order kinetics in the reductant concentration [61,62]. The rate order for the net reductive dissolution of Mn (b-value) from Santomera soil, however, was larger than 1 (1.37; Table 1). This is potentially related to non-linear back-adsorption of Mn(II) after reduction, particularly for the lower ascorbate concentration range; Mn mobilization in the varying reductant concentration experiment (Figure 3), covering a larger ascorbate concentration range, could be fit better assuming Mn mobilization was first order in ascorbate concentration (Table 1).



The mobilized concentrations (Figure 6) and c-values (Table 1) indicate that synergistic mobilization of competing elements Ni (0.39) and Co (0.16) is less DMA concentration dependent than Fe mobilization (0.56). Hence, the relative contribution of Fe to the synergistically mobilized metals will increase with increasing DMA concentration. Also, because all a- and c-values are smaller than 1, the time until the free ligand is depleted and competitive Fe displacement sets in becomes longer with increasing DMA concentration.





4. Conclusions


Our results demonstrate that it is not required that ligands and reductants are exuded simultaneously for generating synergistic Fe mobilization. Furthermore, in order to maximize the increase in window of Fe uptake through synergistic Fe mobilization, ligand and reductant concentrations need to be matched. In this context, constraints from microbial degradation on the residence time of the phytosiderophore ligands in the rhizosphere and from enhanced mobilization of competing metals (particularly Ni and Co), displacing Fe from Fe‒phytosiderophore complexes once the free ligand concentration becomes depleted need to be balanced. How quickly depletion of the free ligand occurs, depends on both the (applied) ligand concentration and the rates of metal complexation. The latter is related to the (applied) reductant concentration. The duration of the synergistic Fe mobilization increases with increasing phytosiderophore concentration and with decreasing reductant concentrations. The maximum synergistic effect increases with increasing reductant concentrations. The mobilization rate of Fe and competing metals from Santomera soil could be described with a rate law equation (Equation (3)), which was parameterized (Table 1), including contributions from the ligand-only, the reductant-only and a synergistic contribution form ligand and reductant combined.



Our results raise the question if and by what mechanisms plants regulate the matching of exudation of ligands and reductants into the rhizosphere to optimize synergistic Fe mobilization to enlarge the time and concentration window of Fe mobilization and uptake.
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Table A1. Selected soil properties of Santomera soil; these data have been previously reported by Schenkeveld et al. [16].
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Extraction






	
Origin/name

	
Santomera

	
CDB

	
Fe (g kg−1)

	
10.2




	
Region

	
Murcia

	
AmOx

	
Fe (g kg−1)

	
0.5




	
Country

	
Spain

	
DTPA

	
Fe (mg kg−1)

	
4.9




	
Soil classification

	
entisol

	

	
Cu (mg kg−1)

	
1.6




	
pH CaCl2

	
7.8

	

	
Ni (mg kg−1)

	
0.3




	
EC (mS cm−1)

	
0.11

	

	
Zn (mg kg−1)

	
0.5




	
SOC (g kg−1)

	
7.3

	

	
Co (mg kg−1)

	
0.0




	
Clay (g kg−1)

	
300

	

	
Mn (mg kg−1)

	
3.1




	
CaCO3 (g kg−1)

	
500
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Figure A1. Calibration curve for determining the ascorbate concentration in Santomera soil extract by means of 10 µM methylene blue. Extinction was measured at 665 nm after 60 s of interaction between extract and methylene blue and was corrected for the background (absorbance in soil extract without methylene blue addition). The redox buffer capacity of DOC in the soil extract was also corrected for. LOQ = 0.02 mM. 
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Table A2. Ascorbate concentration in soil solution as a function of time upon interaction of a 1 mM ascorbate solution with Santomera soil (SSR = 1:10 mM CaCl2; LOQ = 0.02 mM).
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	Interaction Time (h)
	Absorbance
	Concentration (mM)





	0.083
	0.5594
	0.022



	0.25
	0.5616
	<0.02



	0.5
	0.5668
	<0.02



	1
	0.5646
	<0.02



	4
	0.5618
	<0.02
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Figure A2. Mobilization of (a) Cu and (b) Zn from Santomera soil as a function of time by 100 µM DMA and 1 mM ascorbate (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol). In combined treatments, DMA was applied simultaneously, or one or two days after the ascorbate application. Error bars indicate standard deviations. 
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Figure A3. Mobilization of Mn from Santomera soil as a function of time by 100 µM DMA and 1 mM ascorbate (SSR = 1; 10 mM CaCl2) in the presence of a sterilant (0.2 g L−1 Bronopol). DMA was applied either at the same time, or one or two days after ascorbate application. t = 0 corresponds with the moment of ascorbate application. Error bars indicate standard deviations. 
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Figure A4. Mobilization of (a) Mn, (b) Cu and (c) Zn from Santomera soil as a function of time by 0, 10 µM, 30 µM, and 100 µM DMA in presence and absence of 1 mM ascorbate (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol). Error bars indicate standard deviations. 
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Table A3. Combinations of DMA and ascorbate concentration included for fitting rate constants and rate orders.
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Figure 1. Mobilization of (a) Fe, (b) Ni, (c) Co and (d) Mn from Santomera soil as a function of time by 100 µM DMA and 1 mM ascorbate (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol). In combined treatments, DMA was applied simultaneously, one or two days after the ascorbate application. t = 0 corresponds to the time of DMA addition, except in the ascorbate only experiment where t = 0 corresponds to the time of ascorbate addition. Error bars indicate standard deviations. 
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Figure 2. Mobilization of (a) Fe, (b) Ni, (c) Co and (d) Mn from Santomera soil as a function of time by 100 µM DMA and various ascorbate concentrations (0.1, 0.3 and 1.0 mM) (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol). Error bars indicate standard deviations. 
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Figure 3. Initial metal mobilization rates (0–0.25 h) from Santomera soil as a function of the applied ascorbate concentration. Error bars indicate standard deviations. 
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Figure 4. Mobilization of Fe from Santomera soil (SSR = 1; 10 mM CaCl2) as a function of time by 100 µM DMA and various ascorbate concentrations (0.1, 0.3 and 1.0 mM) in absence of a sterilant. Error bars indicate standard deviations. 
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Figure 5. Mobilization of (a) Fe, (b) Ni, (c) Co, (d) Mn, (e) Cu and (f) Zn from Santomera soil as a function of time by 0, 10 µM, 30 µM, and 100 µM DMA in presence or absence of 1 mM ascorbate (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol). Error bars indicate standard deviations. 






Figure 5. Mobilization of (a) Fe, (b) Ni, (c) Co, (d) Mn, (e) Cu and (f) Zn from Santomera soil as a function of time by 0, 10 µM, 30 µM, and 100 µM DMA in presence or absence of 1 mM ascorbate (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol). Error bars indicate standard deviations.



[image: Soilsystems 02 00067 g005]







[image: Soilsystems 02 00067 g006 550] 





Figure 6. Mobilized (a) Fe, (b) Ni and (c) Co concentrations from Santomera soil by 0, 10, 20, 30 and 50 µM DMA as a function of ascorbate concentration (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol) after 0.25 h. Error bars indicate standard deviations. 






Figure 6. Mobilized (a) Fe, (b) Ni and (c) Co concentrations from Santomera soil by 0, 10, 20, 30 and 50 µM DMA as a function of ascorbate concentration (SSR = 1; 10 mM CaCl2; 0.2 g L−1 Bronopol) after 0.25 h. Error bars indicate standard deviations.
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Figure 7. Average mobilization rate (0–0.25 h) for (a) Fe, (b) Ni, (c) Co, (d) Mn, (e) Cu and (f) Zn from Santomera soil as a function of DMA concentration for various ascorbate concentrations (SSR = 1; 10 mM CaCl2). Black markers indicate measured rates, red markers represent the corresponding rates calculated from rate Equation (3) using the fitted rate constants and rate orders presented in Table 1. Rates were only calculated for treatments included in the fitting (Table S3); for the rationale on inclusion of treatments, see the main text. Error bars indicate standard deviations. 
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Table 1. Conditional rate constants and rate orders for rate Equation (3), describing metal mobilization from Santomera soil by DMA and ascorbate (simultaneously applied; 10 mM CaCl2; 20 °C; SSR = 1). Rate constants and rate orders were derived by fitting experimental rate data from 12 treatments in which no competitive Fe displacement occurred (Table A3) to Equation (3). Experimental and fitted rates are compared in Figure 7. The R2- and tangent-values refer to the linear regression between experimental and fitted rates.
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	Metal
	kDMA
	a
	kasc
	b
	ksyn
	c
	d
	R2
	Tangent





	
	(s−1)
	
	(s−1)
	
	(L s−1 mol−1)
	
	
	
	



	Fe
	9.8 × 10−8
	0.37
	n.d.
	n.d.
	4.4 × 10−3
	0.56
	1
	0.997
	1.00



	Ni
	3.8 × 10−6
	0.91
	n.d.
	n.d.
	1.4 × 10−4
	0.39
	1
	0.993
	0.99



	Co
	n.d.
	n.d.
	n.d.
	n.d.
	4.9 × 10−5
	0.16
	1
	0.995
	1.00



	Mn
	n.d.
	n.d.
	5.6 × 10−4 (3.3 × 10−5) #
	1.37 (1) #
	n.d.
	n.d.
	1
	0.996 (0.97)
	1.03 (1.20)



	Cu
	4.9 × 10−8
	0.32
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	0.98
	1.06



	Zn
	5.2 × 10−8
	0.36
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	0.91
	0.97







n.d.: Not determined; # values between brackets are from a fit of the rate data from the varying reductant concentration experiment in which the rate order was fixed at 1.
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