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Highlight
The stability of metal-–ligand complexes varies across the rhizosphere due to geochemical gradients. Incorporating this understanding into proposed conceptual models of DMAsiderophore-assisted zinc micronutient uptake in rice offers new mechanistic insights for Zn uptake in riceinsights.
Abstract
[bookmark: _Hlk52279755]Micronutrient deficiencies threaten global food production. Attempts to biofortify crops rely on a clear understanding of micronutrient uptake processes. Zinc deficiency in rice is a serious problem. One of the pathways proposed for the transfer of zinc zinc from soils into rice plants involves deoxymugineic acid (DMA), a phytosiderophore. The idea that phytosiderophores play a wider role in nutrition of Poaceae nutrition beyond iron is well- established. However, key mechanistic details of the DMA-assisted zinc zinc uptake pathway in rice remain uncertain. In particular, questions surround the form in which zinc from DMA is taken up ([i.e. as free aqueous zinc Zn(II) or as Zn(II)-)–DMA complexes) ] and the role of competitive behaviour of other metals with DMA. We propose that an accurate description of the effect of changes in pH, ligand concentration, and ionic strength on the stability of Zn(II)-)–DMA complexes in the presence of other metals in the microenvironment around root cells is critical for understanding the modus operandi of DMA during zinc uptake. To that end, we evidence reveal the importance of geochemical changes in the microenvironment around root cells and demonstrate the effect of inaccurate stability constants on speciation models.
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Key Developments developmentsBox
Isotope evidence for phytosiderophore phytosiderophore-assisted zinc uptake in rice
Markovic et al. (2017) demonstrates experimentally that the isotope signature of Zn in Zn(II)-)–DMA complexes is consistent with the isotope signature of Zn in rice stems grown in field experiments (Arnold et al., 2010). This strongly supports the involvement of siderophores in Zn uptake mechanisms (A)[A]. The next step is to understand the modus operandi of DMA during zinc Zn uptake in rice.
The synergistic role of siderophores with other ligands in the rhizosphere
McRose et al. (2018) draws attention to the ecosystem of ligands that co-exist in natural solutions. McRose and colleaguesThey propose a generic model for iron uptake via siderophores for bacteria; siderophores (high affinity Y) are suggested to work synergistically with low low-affinity ligands (X) (B)[B]. This work would implies imply that Zn(II)-)–DMA stability in the rhizosphere depends on competitive interactions with other metals and ligands (organic and inorganic) present in soils. These need to be understood.
The critical role of geochemical gradients on in metal bioavailability
Liu et al. (2020) use geochemical speciation modelling to demonstrate that predictions for algal uptake of divalent and trivalent metals are significantly improved when accounting for the different pH and oxygen concentrations found in the boundary layer compared to with that in the bulk water (C)[C]. This study leads us to consider the effect control of geochemical gradients which exist across the rhizosphere on micronutrient uptake processes (Vetterlein and Jahn, 2004; Raynaud, 2010; Gao et al. ., 2011).
Computational determination of stability constants for metal-–siderophore complexes
Kirby et al. (2020) establish that electron structure calculations offer a fast and accurate way to determine affinity constants for metals with siderophore functional groups. This approach offers a way of circumventing the challenge of procuring experimentally the wide range of affinity constant  siderophore ligand samplesneeded to unravel the modus operandii.
[bookmark: body]Introduction
Micronutrient deficiencies in crop plants pose a major risk to global food security (Oliver and Gregory, 2015; Elliott, 2017). Consequently, there is a pressing need to support work towards biofortification; that is, the process by which the nutrient density content of crops is increased through selective breeding, genetic, and environmental engineering techniques (Nestel et al., 2006). Successful biofortification efforts depend upon a detailed understanding of trace metal homeostasis and the steps involved in transferring metals from the soil into the grain.
Zinc deficiency in rice (Oryza sativa) is an important nutritional problem at the heart of global food security, affecting up to 50% of the world’s total lowland rice yield (Muthayya et al., 2013). Evidence from gene expression studies and exudation profiling investigations with rice plants has linked increased concentrations of endogenous deoxymugineic acid (DMA; Suzuki et al., 2008), and higher efflux rates of DMA from root cells into the surrounding environment, to an improved tolerance to zinc deficiency (Suzuki et al., 2008; Widodo et al., 2010). DMA is an example of a phytosiderophore, one of a group of low- molecular- weight organic compounds produced by Poaceae with a high affinity for Fe(III). Although the release of DMA from root cells is recognized known to be connected to the zinc efficiency of rice, the mechanistic model for the DMA-assisted uptake of zinc by rice plants has important knowledge gaps. These hinder our development of predictive uptake models and undermine our ability to answer critical questions such as whether the undissociated Zn(II)-)–DMA complex is taken up.
Deoxymugineic acid secretion and zinc uptake in rice—a proposed mechanism
Evidence for the involvement of DMA in the zinc acquisition of rice grown under micronutrient micronutrient-deficient conditions comes from a wide range of studies including those modelling rhizosphere processes, and isotope and laboratory investigations.
Deoxymugineic acidMA (Fig. 1a1A) is derived from mugineic acid (MA). It possesses three bidentate functional groups (two amino carboxylic and one hydroxycarboxylic) and binds to transition metal ions with an octahedral coordination, forming a 1:1 water-soluble complex with an oxidation state of -–1 (Murakami et al., 1989; Kato et al., 2011). 
In the generic model for iron uptake via siderophores proposed by McRose et al. (2018) for bacteria, siderophores (high affinity Y) are suggested to work synergistically with low low-affinity ligands (X) also present in natural solutions. Whilst the low low-affinity ligand performs the scavenging, the siderophore is responsible for the transport of Fe(III) to the root cell surface and its uptake across the cell membrane.
[bookmark: NSup_6][bookmark: NSup_7][bookmark: NSup_8][bookmark: NSup_9]Experimental investigations have observed significant zinc, nickel, and manganese metal solubilization by DMA in a range of different soil types (Schenkeveld et al. ., 2014). Attempts to identify the traits underlying tolerance to zinc deficiency in rice have suggested that higher tolerance in some genotypes was due to enhanced DMA exudation (Widodo et al., 2010). High-performance liquid chromatography (HPLC) analysis of condensed and microfiltered root washings collected from two different genotypes of rice grown in nutrient solutions, a zinc- deficiency-tolerant RIL64 rice line and its non-tolerant maternal IR74 rice line, showed that the tolerant rice line released between three to and four- times more DMA than its intolerant counterpart under conditions of low zinc availability (85 pmol g–1 root DW s–1 vvs.ersus 26 pmol g-–1 root dry weightDW s-–1 over a 4 h secretion period). Importantly, no effect of zinc- supply on exudation rate was detected in either of the two rice lines (Widodo et al., 2010). Possible DMA-assisted uptake of zinc in rice plants has been furthermore inferred from studies using the stable isotope signature of zinc in soils and rice compartments (Arnold et al., 2010; Arnold et al., 2015). A preference for heavy 66zinc was discovered in zinc- deficiency-tolerant RIL46 rice lines grown in soil, but not in zinc- deficiency-intolerant IR74 rice lines grown in the same environment. A heavy zinc isotope bias is expected in DMA complexes. This is because the formation of metal-–chelate complexes is governed by equilibrium processes and the heavy isotope is able to form stronger (shorter) chemical bonds. Studies of isotope fractionation during complexation of zinc with DMA and commercially available structural analogues of DMA confirmed the preferential partitioning of isotopically heavy zinc in the complexed form (Marković et al., 2017). Importantly, the experimentally determined extent of zinc fractionation with DMA (Δ66zinc = +0.30 ± 0.07‰ %0) is consistent with the fractionation observed in field experiments (Arnold et al., 2010).
We propose three conceivable strategies for the uptake of zinc from Zn(II)-)–DMA complexes in rice plants based on studies of ligand-assisted uptake in Poaceae and phytoplankton (Von Wiren et al., 1996; Aristilde et al., 2012) (Fig. 1b1B); ): (11) Zn(II) is unloaded from DMA at distance from the root cell surface prior to absorption; (22) non-dissociated Zn(II)-)–DMA complexes are transported across the membrane via putative plasma membrane transporters; and (33) Zn(II) is stripped from DMA at the root cell surface by the formation of a transient ternary complex and the metal is internalized without the ligand as in strategy (11). A key argument supporting a role for DMA in the zinc acquisition of rice plants is that negligible concentrations of Fe(III) would be expected in anoxic, submerged lowland rice soils. However, it is still the case that a wide range of competing cations, with comparatively higher affinities for DMA than zinc, would be expected to be present in paddy soils at roughly equimolar concentrations; for example, e.g. copper and nickel (~0.01 µM; McBride, 1994; Affholder et al., 2017). One of the major problems with the conceptual model for DMA-assisted zinc uptake in rice in its current form is the role of competitive behaviour of other metals with DMA.
It is extremely difficult to probe the microenvironment around root cells directly. Instead we need to use geochemical modelling to study the rhizosphere. Critical to this approach is an accurate description of metal-–DMA interactions. Previous studies modelling DMA-assisted zinc uptake in rice have only considered a simple two-component—Zn(II) and DMA—system (Arnold et al., 2010; Ptashnyk et al., 2011). Hence, the description of metal-–DMA interactions in the rhizosphere of rice to date is incomplete. Accurate description of metal-–DMA interactions relies upon the determination of stability constants. The stability of a metal (M)−ligand (L) complex is represented by a stability constant (K). For the complexation reaction:

[bookmark: ErrBook5]M(H2O)m+LML(H2O)m–n+nH2O	(1)
This is expressed by the affinity constant:

	(2)
where the terms in parentheses refer to activities. As K spans orders of magnitude, they are typically reported as log values (i.e., log K). Stability constants are independent of the initial concentration of reactants and/or products in a solution. However, they are dependent on temperature, pressure, and ionic strength. The consequence of this is that the relative position of geochemical equilibria is dynamic in real environmental systems. Stability constants calculated at standard state (i.e. 298.15 K, 1 atm, infinite dilution), where concentrations are equal to activities, are known as intrinsic stability constants (Kintrinsic). Stability constants measured at any other conditions are conditional (Kconditional).	Comment by Angela: Is parentheses correct here or should it be square brackets?
Here, we make the case that an accurate description of the effect of changes in pH, ligand concentration [L], and ionic strength on the stability of Zn(II)-)–DMA complex stability es in the presence of other metals in the microenvironment around root cells is critical for understanding the modus operandi of DMA during zinc uptake. We show that it is essential to establish accurate stability constants and stability series for relevant metal-–ligand complexes that also include the effect of ionic strength on stability as a key consideration. We demonstrate that electron structure calculations enable us to circumvent the challenge of obtaining pure DMA to establish accurate metal-–ligand stability series and that the experimental determination of the ionic strength dependence of stability constants significantly improves on widely used simplified corrections using established activity models.
The microenvironment around root cells
Significant gradients in pH, [L], and ionic strength exist in the rhizosphere (Vetterlein and Jahn, 2004; Raynaud, 2010; Gao et al., 2011). This leads to differences in the relative stability of metal-–ligand complexes in different parts of the rhizosphere (c.f. Kconditional).
Studies on the metal binding properties of organic and inorganic ligands in aqueous solutions have previously demonstrated that the nature of metal-–ligand interactions is strongly dependent on the specific chemical and/or physical properties of solutions (Cigala et al., 2012a; Powell et al., 2013; Krężel and Maret, 2016) and hence changes speciation of metals in solution at micrometre scales. With phytoplankton, for example, there is now convincing evidence that the microenvironment surrounding algal cells is essential in regulating micronutrient uptake (Liu et al., 2017, 2018, 2020; Sánchez-Marín et al., 2018). Experimental observations have indeed confirmed the presence of a thin region (~≈ 10 μm), with different pH, [L], and redox conditions different to from those of the bulk solution, encircling algal cells. Subsequent mapping of speciation in this boundary layer (known as the phycosphere) has markedly improved our ability to explain observed algal metal uptake rates. For example, it was demonstrated that an increase in pH from 6, in the bulk solution, to > 8, in the boundary layer, was able to explains a 2-fold increase in the uptake rate of lead by algal cells in the presence of citrate (Sánchez-Marín et al., 2018). Recent aAdvances in the dynamic mapping of extracellular pH at the single-cell level mean that it is now possible to measure pH inside the boundary layer region; pH can be measured at a spatial resolution of 50 nm, with a 2 ms response time and a sensitivity of > 0.01 units (Zhang et al., 2019).
One way to express the selectivity of DMA for Zn(II) compared to with other metals is by calculating a selectivity ratio S (molM/molM):

	(3)
, where [M-–DMA] and [Zn(II)-)–DMA] are concentrations (M). As S can span orders of magnitude, it is reasonable to report it as a log value (i.e. log S). If log S >  0, then DMA is more selective for M than Zn(II), ); if log S <  0, then DMA is more selective for Zn(II) than M. To test this, we conducted chemical speciation modelling using the Hyperquad Simulation and Speciation computer software (HySS) (Alderighi et al., 1999) utilizing stability constants determined by Murakami et al., (1989).
In Fig. 2a 2A we plot the DMA selectivity ratio for Cu(II), Ni(II), and Fe(II) vs.ersus Zn(II) against pH. We find that for solutions above pH 6.5, log S = 0. This is because all Cu(II), Ni(II), and Fe(II) are fully complexed by DMA, which is in excess compared to with M, and hence there is no preferential selection. Below pH 6.5, the relative selectivity of DMA for Cu(II), Ni(II), and Fe(II) vs.ersus Zn(II) depends on the stability constants. DMA becomes increasingly more selective for Cu(II) and Ni(II) vs.ersus Zn(II) as pH decreases. At the same time, DMA becomes increasingly less selective for Fe(II) vs.ersus Zn(II). The selectivity of DMA for Zn(II) relative to the other metals also changes as a function of [L] (Fig. 2b2B). At pH 5.5, the selectivity of DMA for Zn(II) decreases relative to Fe(II) with increasing [L]. In contrast, selectivity of DMA for Zn(II) increases relative to selectivity of DMA for Cu(II) and Ni(II) as the system tends towards total Zn(II) complexation. Phytosiderophore concentration varies across the rhizosphere in a submerged rice soil. However, phytosiderophores remain approximately ~10- to –100- times more concentrated in soil solutions than trace metals such as zinc (Ptashnyk et al. 2011). Hence, the sample space covered in Fig. 2b 2B is relevant for natural soil solutions; [M] = 1 μM and [DMA] = 20 - –100 μM. We show strong evidence that pH and [L] are an important control on the balance of metal-–ligand interactions.
Central to the accuratecorrect determination of these selectivity indexes based on speciation calculations are accurate stability constants for metal-–DMA complexes and an understanding of their dependency on ionic strength.
The importance of accurate stability constants
Difficulties obtaining sufficiently large quantities of DMA and other siderophores (there are more than >500 varieties), mean that the stability constants available for metal-–DMA complexes are based on analysis of ligand samples isolated from plant material (Table 1; Sugiura and Nomoto, 1984; Murakami et al., 1989; Yoshimura et al., 2011). Isolation from barley plant material is the standard method used to obtain phytosiderophoresDMA. However, the downsides of this approach are now well recognisedrecognized; the purity of the analyte is low and cross cross-contamination between the different organic ligands is unavoidable (Hiradate and Inoue, 1996; Neumann et al., 1999; Blindauer and Schmid, 2010). To that end, there are large (> 2 log units) discrepancies between published stability constant values for the same metal-–phytosiderophore complexes determined via potentiometric titrations in 0.1 M KNO3. Speciation modelling of a simple three-component system containing Fe(II), Zn(II), and mugineic acid (MA) using HySS and the two sets of available stability constants demonstrates the environmental significance of these inconsistencies (Fig. 3). Plotting the concentration of Zn(II)-)–DMA in the system using the Murakami et al. (1989) constants ([Zn(II)-)–DMA]x) divided by the concentration of Zn(II)-)–DMA in the system using the Sugiura and Nomoto (1984 [AU: Please note the year discrepancy “1981” in cross-reference and “1984” in reference.]) constants ([Zn(II)-)–DMA]y), we see that only above pH 7 are the two systems consistent with one another. Below this there are large differences. For example, at pH 6, the system using the Murakami et al. (1989) constants has 30% less Zn(II)-)–DMA than the system using the Sugiura and Nomoto (1984) constants.
Determination of accurate stability constants for metal-–DMA complexes
Key to the accurate modelling of DMA speciation with Zn(II) and other metals in the rhizosphere are the correct determination of stability constants and their ionic strength dependence.
Stability series
To represent metal-–DMA interactions in the rhizosphere, we need to establish a stability series; that is, i.e. we need to know stability constants for DMA with multiple metals. Accurate determination of stability constants requires a high purity ligand sample; root isolates are insufficient.
[bookmark: NG_Double_Char_001]The interest in studying biological roles of mugineic acidMAs has promoted intense development of protocols to synthesise synthesize mugineic acidMAs and related molecules using building blocks (hydroxybutyric acid, α-aminobutyric acid, and azetidine-2-carboxylic acid) (Matsuura et al., 1992; Namba et al., 2007). However, procedures are cumbersome due to the significant number of transformation, reductive amination, and purification steps required to construct DMA. One way to get around the problem of synthesising synthesizing DMA is to use electronic structure methods such as density functional theory (DFT) to calculate the stability of metal-–DMA complexes. DFT works by solving the Schrödinger equation for a particular metal-–ligand conformer using an initial guess for the wavefunction (Ψ) and then applying the Hamiltonian operator (Ĥ) onto Ψ, until a Ψ which has the lowest ground state energy (E) is obtained (Foresman and Frisch, 2015).

[bookmark: ErrBook7]ĤΨ=EΨ	(4)
[bookmark: NSup_10]By finding E for the reactant/product species involved in an equilibrium reaction, the stability constant can beis determined by subtracting the sum of the Gibbs free energy (G, kJ mol-–1) of the reactant species from that of the product species:

[bookmark: ErrBook8]Gr=Gproducts–Greactants	(5)
Then then using the relationship:

	(6)
[bookmark: NSup_11][bookmark: NSup_12], where R is the ideal gas constant (J mol-–1 K-–1) and T is temperature (K). 
The accuracy of the solution to the Schrodinger equation depends on the model chemistry selected for DFT calculations. The key components of the model chemistry are the basis set, the functional, and the solvation model. A basis set is composed of functions which describe the density of an electron for a series of x, y, z co-ordinates, a functional is a description of the exchange-correlation energy, and a solvation model represents the solute-–solvent interactions. DFT calculations have recently been used to derive a stability series for the six key siderophore functional groups with uranium (Kirby et al., 2020) after calibration against experimental data (Vukovic et al., 2015; Kirby et al., 2018).
Relationship of stability constants with ionic strength and correction calculations
[bookmark: _Hlk39575218]The most widely used experimental procedure for determining stability constants for metal-–organic ligand complexes is potentiometric titrations. This technique is usually conducted at a standard temperature (298.15 K) and provides a stability constant that depends strongly on the background electrolyte and is therefore a Kconditional. Kconditional may vary non-uniformly by up to three orders of magnitude in 0 – 1 M solutions of the same sodium- or potassium-based electrolyte (Cigala et al., 2013, 2015). Since the stability constant varies with ionic strength, it follows that so too does the selectivity of ligands (Krężel and Maret, 2016). We demonstrate here the significance of ionic strength for speciation by using HySS to modelling a three-component Zn(II), Sn(II), and citrate system at two ionic strengths and plotting the selectivity ratio ((log S, mol/mol); S = [Sn(II)-)–citrate]/[Zn(II)-)–citrate] (Fig. 4a4A; Cigala et al., 2012b, 2015). ). We can see that there are large differences in the selectivity ratio between the two systems. For example, between pH 6 – and 10, in the 1 M system citrate is 1 log S units (10- times) more selective for Sn(II) vs. ersus Zn(II). However, in the 0.15 M system, citrate is only 0.5 log S units (three- times) more selective for Sn(II) vs.ersus Zn(II).

Chemical speciation programs such as PHREEQC (Parkhurst and Appelo, 2013) store stability constants in thermodynamic databases as Kintrinsic. When a stability constant is called by the program, in-built functions adjust Kintrinsic to the relevant Kconditional using activity coefficients (log ). In PHREEQC, activity coefficients are calculated using the Extended extended Debye Debye–Hückel expression (Eqn.uation 7) or some closely related variant such as the Davies equation (Eqn.uation 8):

	(7)

	(8)




, where A and B  are dielectric constants of the solvent, z is the charge of the ion, a is the effective diameter of the ion (Å), and I is ionic strength (M). This approach requires minimal ion-specific information and provides good approximations at low ionic strengths. Activity models are only valid for specific ionic strength ranges (e.g. Extended Debye Deby–Hückel < 10–1 M, Davies < 0.5 M), )PHREEQC takes this into account when calculating activity coefficients. It is critical that the Kintrinsic values stored in thermodynamic databases have beenare corrected using the appropriate model; . uUssing the same activity model to back-calculate Kintrinsic from multiple Kconditional across a wide ionic strength range generates inconsistent results. For example, applying the Davies activity model to calculate Kintrinsic for Zn(II)-)–PO4 from three Kconditional values determined in the same study at different ionic strengths (0.15, 0.5, and 1 M NaCl; Cigala et al., 2012a) gives results that differ by 1.08 log units (Fig. 4b4B). The main problem with using Debye-–Hückel Hückel-type equations to calculate activity coefficients and adjust stability constants for ionic strength is that this approach fails to account for the formation of weak complexes between the metal and/or ligand with the background electrolyte (Daniele et al., 1983). Hence, there is often a systematic bias in the correction of K. Methods for calculating activity coefficients which account for interactions with the background electrolyte include the Pitzer and SIT (Specific ion Interaction Theory) models (Brönsted, 1922; Guggenheim and Turgeon, 1955; Pitzer, 1973; Biederman, 1986; Brönsted, 1922; Guggenheim and Turgeon, 1955). These models have their own limitations; the Pitzer model is complicated and difficult to handle and the SIT model is not very accurate at < 0.5 M (Bretti et al., 2004).


An alternative approach is to use a direct method for predicting the ionic strength dependence of stability constants; that is, i.e. without the need for calculating activity coefficients. This is possible through modified versions of the Extended Debye-–Hückel equation and specific ion interaction theory (Bretti et al., 2004, 2006; Cigala et al., 2012a). In the modified Extended Debye-–Hückel equation (EqnEquation. 9), there are two unknown parameters; : K  and f(I) . To solve this equation for any specific electrolyte, Kconditional must be known at a minimum of two ionic strengths. The use of data points at two or more ionic strengths eradicates the systematic error related to the formation of M metal and/or L ligand complexes with electrolyte ions when using activity coefficients. The more Kconditional values that are provided to the model as data training points, the more reliably the unknown parameters can be constrained. For the Zn(II)-)–PO4 system, Cigala and co-workers found that the Kintrinsic calculated using this direct method was 8.71 (Cigala et al., 2012a). 
The Kintrinsic values we derive by using the Davies equation to calculate activity coefficients to adjust the measured Kconditional at 0.15, 0.5, and 1 M NaCl are 8.76, 8.34, and 7.65, respectively (Figure Fig. 4b4B).	Comment by Weiss, Dominik J: Of DMA?

	(9)




[bookmark: MTBlankEqn], Wwhere z*=(z2react)–(z2prod)  and f(I) is a linear function of ionic strength that can be formulated in different ways. The simplest expression for this term is f(I)=CI, where C is the only adjustable parameter. Usually, this simple choice is sufficient to explain the experimental data trend in a wide ionic strength range, generally < 1.0 M.
Conclusions
(i)I.	We show that quantifying the effects of geochemical changes in the microenvironment around root cells are key in the discussion of assessing the importancerole of DMA in the zinc efficiency of rice and the mechanisms involved. The selectivity of DMA needs to be assessed and studied using speciation modelling based on a correct understanding of the solution chemistry.
(ii)II.	We demonstrate the effect of inaccurate stability constants for identifying the stability field for metal-–DMA complexes in the rhizosphere. Given the problems in obtaining pure ligand samples and the large amount of metals and ligands of importance in the rhizosphere, we propose that DFT electron structure calculations can be used to determine accurate stability constants.
(iii)III.	We show that next to pH and [L], the ionic dependence of stability constants needs to be determined to produce accurate speciation models. This requires Kconditional to have been determined at multiple ionic strengths, ; the simple activity coefficient approach used by off-the-shelf modelling codes is insufficient.
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[bookmark: float]Table 1. Summary of published Mmetal-–PS phytosiderophore conditional stability constants (log K)
	Metal
	HMA
	MA
	DMA

	[bookmark: NSup_13]Fe3+
	30.6a
30.7c
	30.5a
33.2b
	31.35a

	[bookmark: NSup_14]Al3+
	22.4c
	23.9c
	

	[bookmark: NSup_15]Cu2+
	17.9a
	18.1a
18.3b
	18.7a

	[bookmark: NSup_16]Ni2+
	14.4a
	14.9a
	14.8a

	[bookmark: NSup_17]Zn2+
	12.4a
	12.7a
10.7b
	12.8a

	[bookmark: NSup_18]Fe2+
	10.0a
	10.1a
8.1b
	10.5a

	[bookmark: NSup_19]Mn2+
	8.0a
	8.3a
	8.3a

	[bookmark: NSup_20]Ca2+
	4.3a
	3.8a
	3.3a


a aMurakami et al. (1989); - 0.1 M KNO3.
b Sugiura and Nomoto et al. (19811984) -; 0.1 M KNO3.
c cYoshimura et al. (2011); - 0.1 M KCl.
Fig. 1. (aA) Ball and stick diagram of DMA (C12H20N2O7) in its neutral form with five acidic sites protonated. The acid dissociation constants (pKa) of these sites are labelled. Red, white, grey, and blue represent, oxygen, hydrogen, carbon, and nitrogen, respectively; aHider et al., (2004), bEstimate based upon the pKa of the alcoholic proton for the related molecule lactic acid (Silva et al., 2009). (bB) Three suggested strategies for the uptake of zinc from Zn(II)-)–DMA complexes in rice based on studies of ligand-assisted uptake in Poaceae and phytoplankton (Von Wiren et al., 1996; Aristilde et al., 2012); ): (1) Zn(II) is unloaded from DMA at a distance from the root cell surface prior to absorption; (2) non-dissociated Zn(II)-)–DMA complexes are transported across the membrane via putative plasma membrane transporters; and  (3) Zn(II) is stripped from DMA at the root cell surface by the formation of a transient ternary complex and the metal is internalized without the ligand as in strategy (1).	Comment by Angela: TS: Please label all figure parts in upper case
Fig. 2. Selectivity of DMA for Zn(II) compared to with other metals as a function of (aA) pH and (bB) DMA concentration, expressed using the selectivity ratio (log S, mol/mol); S = [M-–DMA]/[Zn(II)-)–DMA]. In all systems [M] = 1 µM and [Zn(II)] = 1 µM. In (aA) [DMA] = 10 µM and (bB) is at pH 5.5. Modelling was conducted utilizing stability constants determined by Murakami et al., (1989).
Fig. 3. Ratio of Zn(II)-)–DMA concentrations in two identical systems ([Fe(II) = 1 µM, Zn(II) = 1 µM µM, and DMA = 10 µM) modelled using two different sets of stability constants, x = Murakami et al., (1989); Fe(II) = 10.1, Zn(II) = 12.7, ; y = Sugiura and Nomoto (1984Sugiura et al. (1981); Fe(II) = 8.1, Zn(II) = 10.7. [Zn(II)-)–DMA]x/y < 1, the concentration of Zn(II)-DMA in the  Murakami et al. (1989) system less than the concentration of Zn(II)-)–DMA in the Sugiura and Nomoto et al. (19811984) system. [Zn(II)-)–DMA]x/y > 1, concentration of Zn(II)-)–DMA in the Murakami et al. (1989) system greater than concentration of Zn(II)-DMA in the Sugiura and Nomoto (1984)Sugiura et al. (1981) system. The grey area shows the pH range for the rhizosphere of rice plants in submerged soils.
Fig. 4. (aA) Selectivity of citrate for Zn(II) vsversus. Sn(II) in two identical systems ([{[Zn(II)] = 1 µM, [Sn(II)] =1 µM, [citrate] = 10 µM) } at two different ionic strengths in a sodium-based electrolyte, expressed using the selectivity ratio (log S, mol/mol); S = [Sn(II)-)–citrate]/[Zn(II)-)–citrate]. Modelling was conducted utilizing stability constants determined by Cigala et al. (2013, 2015). (bB) In red, three experimentally determined Kconditional values for Zn(II)-)–PO4 are shown as triangles (Cigala et al., 2012a). The Kintrinsic for these points determined via the use of the Davies Equation equation for calculating activity coefficients are shown as red circles. In black, a modified version of the Extended Debye-–Hückel Equation equation has been parameterized using the three Zn-–PO4 Kconditional values. This model is then shown as a dashed line.
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