
ABSTRACT 

EVERS, ANNA. Elucidating the Fate of Siderophores in Soil Systems. (Under the direction of 

Dr. Owen Duckworth). 

 

Iron (Fe) is an essential nutrient for all organisms but is typically held in low solubility 

(oxyhydr)oxide minerals with limited bioavailability in aerobic environments. Low Fe 

availability can lead to biological deficiency in alkaline soils where Fe is not available for 

organism uptake. Consequently, bacteria, fungi, and graminaceous plants have evolved specific 

strategies for Fe uptake. One such strategy is the production of siderophores, a structurally 

diverse class of high affinity Fe(III) chelating agents with low molecular masses that are exuded 

to facilitate the solubilization and uptake of essential nutrients from soils. Siderophores are 

essential for proper plant nutrition as well as the maintenance of soil quality and the suppression 

of plant diseases. However, due to analytical limitations, the fate of structurally distinct 

siderophores in soil systems remains largely unresolved, which motivates the research in this 

dissertation. In the first chapter, the binding capabilities of a synthetic phytosiderophore proline-

2’-deoxymugeneic acid (PDMA) with trace metals were investigated. We conducted 

spectrophotometric titrations to determine the stability constants  of PDMA complexes with 

manganese (Mn(II)), cobalt (Co(II)), copper (Cu(II)), nickel (Ni(II)), and zinc (Zn(II)), and 

determined that PDMA complex stability constants correlated with: (1) the hydrolysis constants 

of metal ions  in complexes; (2) the ionic potential of complexed metals; and (3) the 

corresponding complex stability constants of other mugineic acid type phytosiderophores, as 

well as the trishydroxamate microbial siderophore desferrioxamine-B (DFOB). These 

correlations demonstrate the potential, and limitations, on our ability to predict the stability of 

phytosiderophore complexes with metal ions with different properties. The second chapter 

describes the interactions of the siderophores DFOB, protochelin, and PDMA with soil 



aluminosilicates and metal (oxyhydr)oxides, including montmorillonite, kaolinite, goethite, 

ferrihydrite, and δ-MnO2. Apo- and metal-siderophore complex sorption was studied using 

adsorption isotherm experiments, and the fate of complexes on the mineral surfaces was studied 

using gallium (Ga) X-ray absorption spectroscopy. In general, positively charged siderophores 

and complexes (Fe(III)HDFOB+ and Fe(III)H3PDMA2+) showed similar trends in their fate on 

mineral surfaces. However, sorption of apo-DFOB and Fe(III)-DFOB was higher than that of 

PDMA and its complexes, with Fe(III)-PDMA having low sorption, and apo-PDMA negligibly 

sorbing to soil minerals. Protochelin was the most susceptible to degradation via soil minerals, 

and its anionic complexes behaved uniquely on the surface of montmorillonite and ferrihydrite. 

The third chapter presents results that track the fate of Ga-siderophore complexes in soils. Micro-

X-ray fluorescence (μ-XRF) mapping paired with μ-EXAFS spectroscopy was utilized to probe 

the fate of Ga(III) complexes with the siderophore DFOB, protochelin, and PDMA in a Cassville 

clay soil, a Belhaven muck, and a Gruver series soil. In the Cassville clay, interactions for all 

siderophores were predominantly through intercalation and sorption processes within Fe- and 

Mn-oxide-coated clay domains, reflecting the high sorptive capacity of clay-rich systems, and 

their capacity to act as sinks for siderophores. In the organic-rich Belhaven muck, DFOB and 

protochelin siderophore complexes sorbed as intact complexes with humic substances and 

associated Fe phases, but PDMA had low affinity for specific mineral phases and distributed 

evenly through the muck as a dissociated complex. All three siderophores associated with iron 

phases in the alkaline soil, emphasizing the critical role of siderophores in sustaining Fe cycling 

under such conditions. Protochelin induced the highest amount of Fe and Mn dissolution in all 

three soils, implying that protochelin undergoes degradation within the soil matrix, potentially 

rendering it unable bind Fe(III) after dissolution. Together, the results of this dissertation aid in 



our understanding of how siderophore structure effects their fate in soils and will provide a new 

angle for managing agricultural systems so that nutrient deficiencies and crop disease 

susceptibility are minimized. 
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CHAPTER 1: Literature Review 

1. Introduction  

Trace metals are essential for the metabolic function of all living cells. Iron (Fe) is the most 

abundant transition metal in the enzymes of microbes and plants (Williams 1991). It is frequently 

utilized in redox catalysis, including the electron transport chain, and serves as a vital nutrient in 

the nitrogen cycle via enzymes involved in the catalysis of nitrogen redox reactions (Vraspir and 

Butler 2009). Although abundant in the earth’s crust (approximately 5%), it is typically held in 

insoluble (oxyhydr)oxide mineral phases that are not readily available for biological uptake at 

circumneutral pH in soil systems. Due to the low bioavailability of Fe, plants, bacteria, and fungi 

have developed strategies to facilitate the solubilization and uptake of Fe from soils, in the form 

of root exudates. Because of the importance of Fe to biological productivity, understanding Fe 

uptake mechanisms is not only of foremost scientific interest but also critical for developing 

sustainable agricultural and environmental management strategies that optimize micronutrient 

cycling and support ecosystem functioning.   

2. Nutrient acquisition by plants 

Root exudates enhance nutrient acquisition by altering rhizosphere chemistry through 

processes such as releasing protons and organic acids that lower rhizosphere pH and complex or 

solubilize nutrients. Plants use two distinct strategies to acquire Fe from soil (Römheld and 

Marschner 1986). The first strategy (Strategy I) (in most non‐graminaceous species) involves the 

acidification of the rhizosphere through the release of protons (H+). This release of H+ lowers the 

pH and thus solubilizes Fe(III) by promoting its reduction to Fe(II) near the plant root (Fox and 

Guerinot 1998; Brown and Jolley 1988). The released Fe(II) is taken up by a high-affinity 

transporter localized on the plasma membrane (Eide et al. 1996; Robinson et al. 1999).  
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The second strategy (Strategy II), used by graminaceous plants (grasses) does not require 

the reduction of Fe(III) but instead involves the exudation of small  (typically 200-2000 Da) 

Fe(III)-binding ligands called siderophores. In this strategy, reductive dissociation of Fe(III) 

from a complex occurs inside the cell (Takagi, Kamei, and Yu 1988). Siderophores released by 

graminaceous plants are classed as phytosiderophores, and are released in a diurnal pulse, 

triggered by light (Walter et al. 1995). Grasses have been shown to thrive compared to non-

graminaceous plants in calcareous soil environments, providing compelling evidence for the 

efficacy of siderophores. Additionally, transgenic rice lines harboring genes from barley 

involved in the synthesis of mugineic acids (a phytosiderophore) have exhibited improved 

tolerance to low Fe alkaline soils (Suzuki et al. 2008).  Studying natural Fe acquisition strategies, 

such as the production of siderophores — a class of compounds that plants are already producing 

— may aid in the development of better management strategies to improve plant growth and 

nutritional content.  

3. Chemistry of Siderophores  

Graminaceous plants, bacteria, and fungi all release siderophores to help facilitate the 

solubilization and uptake of essential nutrients from soil (Schwyn and Neilands 1987). Their 

reported concentrations vary between 10-9 to 10-6 M in fresh water systems, soils, and the ocean 

(Duckworth, Holmstrom, et al. 2009; Kraemer 2004; Ahmed and Holmström 2014; Rai et al. 

2020b). To date there are more than 500 known structures of siderophores (Boukhalfa et al. 

2003). Siderophores typically contain multidentate combinations of catecholate, hydroxamate, 

carboxylate, and α-hydroxycarboxylate groups arranged in linear, tripodal, or cyclic 

arrangements (Figure 1) (Crumbliss and Harrington 2009; Hider and Kong 2010). 
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Siderophores typically have a higher affinity for Fe(III) than Fe(II), and they form high -

affinity, stable complexes with ferric iron. In water, Fe(III) is solvated by a total of six water 

molecules or hydroxide ions, forming an octahedral complex. It is energetically favorable for the 

siderophore donor atoms to replace the water in the complex (typically using the electron pairs 

from oxygen for coordination), forming an Fe(III) hexacoordinated complex with a similar 

octahedral geometry to the aqueous ion (Raymond and Dertz 2004). To satisfy the octahedral 

coordination preferred by Fe(III), siderophores usually act as hexadentate ligands to form 1:1 

complexes. Siderophores may also employ preorganization and rigid complexation structures to 

enhance affinity(Crumbliss and Harrington 2009). The known stability constants of such 1:1 

Fe(III)-siderophore complexes range from K = 1030–1050 (Kraemer 2004), which are many 

orders of magnitude higher than those of most Fe complexes formed by common organic 

ligands, such as EDTA and oxalate (Cheah et al. 2003; Ngwack and Sigg 1997). Although 

siderophores typically are thought of as Fe transporters, they can also form complexes with other 

essential elements such as Mn, Mo, Cu, Co, and Ni (with structure determining the relative 

affinity), impacting their availability for microbial cells (for DFOB, log KAl(III) = 24.5, 

log KCu(II) = 14.1, and log KZn(II) = 11.1) (Bellinger 2008; Anderegg, l'Eplattenier, and 

Schwarzenbach 1963). Interestingly, some siderophores bind other hard metal ions with a higher 

affinity, such as Mn(III) and Co(III), than Fe(III),  depending on their structure.  

Although siderophores are operationally defined, there are commonalities that are seen 

through the structures. Plants typically produce carboxylate and α-hydroxycarboxylate 

phytosiderophores (Kraemer, Crowley, and Kretzschmar 2006) in the mugineic acid family. This 

group is less structurally diverse than microbial siderophores, with only a few phytosiderophores 

identified (Kratena et al. 2021; Lemanceau et al. 2009). Additionally, phytosiderophores tend to 
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have lower stability constants (K = 1011–1017) than microbial siderophores. The ecological and 

evolutionary reasons for the lower stability are not well understood. 

Fungi typically produce siderophores with a single type of binding moiety — 

hydroxamate. However, the chemistry of siderophores produced with this moiety is quite 

diverse, including coprogens, fusarinines, ferrichromes, and ferrioxamines (Figure 1). Coprogens 

are characterized as linear dihydroxamate and trihydroxamate ligands; in contrast, fusarinines 

can take various forms, including monomers, linear dimers, and cyclic trimers, and ferrichromes 

primarily exist as cyclic hexapeptides (Renshaw et al. 2002). Fungi may also produce a citrate 

derived- carboxylate siderophore, rhizoferrin, which consists of two molecules of citric acid 

linked to 1,4-diaminobutane through two amide bonds (Thieken and Winkelmann 1992).  

Bacteria produce the most diverse range of siderophores, reflecting their ecological 

diversity and Fe acquisition strategies. Among these are catecholate, hydroxamate, carboxylate, 

and mixed-type moieties, enabling bacteria to compete effectively for Fe in diverse environments 

(Cornelis 2010). A large class of mixed-type siderophores is pyoverdine, a major siderophore 

with over 100 known structures. Pyoverdines are fluorescent siderophores characterized by a 

conserved dihydroxyquinoline chromophore attached to a variable peptide chain that comprises 

6–12 amino acids, and a side-chain, generally a dicarboxylic acid or an amide that are exuded by 

all fluorescent Pseudomonas species and by Azotobacter vinelandii (Meyer 2000; Cornelis 

2010). The peptide chain comprises l- and d-amino acids, some of which are unusual. Both the 

chromophores and the peptide chains of pyoverdines are synthesized by non-ribosomal peptide 

synthetases (Mossialos et al. 2002; Merriman, Merriman, and Lamont 1995; Lehoux, 

Sanschagrin, and Levesque 2000). 
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To represent a variety of siderophore structures and chelating moieties, three 

siderophores were studied in this dissertation. The first is the widely used  tris-hydroxamate 

microbial siderophore desferrioxamine B (DFOB) (Figure 2), which has been commonly used in 

experiments due to its commercial availability, as well as in medical applications (Day and 

Ackrill 1993). It occurs in both terrestrial and marine ecosystems, and serves as a useful model 

for a large class of microbial siderophores (Essén et al. 2006; Müller and Raymond 1984; 

McCormack, Worsfold, and Gledhill 2003). The three hydroxamate functional groups provide 6 

total binding sites, resulting in 1:1 complex formation, satisfying the octahedral coordination 

sphere of Fe(III). The stability of the aqueous Fe(III)-DFOB complex arises in part from the 

efficacy of the hydroxamate functionality as a Lewis base, donating electron density to the 

central Fe(III). This complexation results in a stable complex (logK=32.02) with considerable 

delocalization of electron density in the complex core (Edwards and Myneni 2005). Because of 

the positive charge of the terminal amino group, at relevant soil pHs, both apo-DFOB and 

Fe(III)-DFOB are cations in solution (e.g., H4DFOB+ and Fe(III)HDFOB+). DFOB plays a 

significant role not only in the biogeochemistry of Fe but also in that of manganese (Mn) and 

cobalt (Co). The stability constant of the Mn(II)HDFOB⁺ complex is 29.9 (Duckworth and 

Sposito 2005), while that of the Co(III)HDFOB⁺ complex is 37.7 (Duckworth, Bargar, et al. 

2009), indicating that the Co complex is approximately five orders of magnitude more stable 

than the corresponding Fe complex. DFOB interacts with a wide range of biologically important 

trivalent metal cations and plays a multifaceted role in biogeochemical processes across both 

terrestrial and marine ecosystems. 

The second siderophore used in this thesis is proline-2′-deoxymugineic acid (PDMA) 

(Figure 2). PDMA is a synthetic analog of the carboxylate natural phytosiderophore 2′-
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deoxymugineic acid (DMA). DMA is a common siderophore exuded by Poaceae (e.g. rice, corn, 

and wheat) and contains a highly strained four-membered ring of azetidine-2-carboxylic acid. 

This makes it relatively unstable and difficult to synthesize by laboratory methods. In response to 

these limitations, PDMA was developed by (Suzuki et al. 2021), and replaces this 4-membered 

ring with a more stable 5-membered ring, resulting in a simplified synthetic procedure and 

improved resistance to biodegradation. PDMA has previously been studied as a potential 

fertilizer in calcareous soil (Suzuki et al. 2021; Wang et al. 2023) and has been shown to 

improve Fe nutrition when applied to rice and peanut plants. As noted previously, the stability 

constants of phytosiderophores are lower than for most microbial siderophores (logK = 17.1 for 

PDMA); however, plants may also have by higher rates of exudation, with concentratio ns 

reaching up to 1 mM in the rhizosphere (Römheld 1991).  

The third siderophore discussed in this work is protochelin, a bacterial tris-catecholamine 

siderophore produced by the free-living diazotroph Azotobacter vinelandii (Figure 2) (Cornish 

and Page 1995). Catechol donor groups bind Fe(III) through the conjugated central ring system, 

which delocalizes electron density (Albrecht-Gary and Crumbliss 1998). Protochelin, unlike the 

previously mentioned siderophores is less soluble, in part due to its higher molecular weight and 

hydrophobicity (Harrington et al. 2012).  The backbone of the molecule features very few 

hydrogen bond donor or acceptor sites, and the catechol donor groups of the molecule are likely 

protonated at pH < 7.5 (Loomis and Raymond 1991), resulting in a neutral charge and highly 

hydrophobic donor groups at low solution pH (Harris et al. 1979). Protochelin also degrades 

slowly over time in solution at relevant soil pH (Harrington et al. 2012).  

4. Sinks for Siderophores in Soils  
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Although siderophores have long been recognized for their importance in Fe acquisition 

in soil systems, we know little about how these structural differences affect their fate and their 

ability to transport metals in soils (Harrington, Duckworth, and Haselwandter 2015). The 

traditional paradigm for siderophore activity in soil involves: (1) siderophore release from 

organisms; (2) Fe solubilization from bio-unavailable sources; and (3) Fe uptake by cells via an 

active transporter or reductive process (Kraemer 2004; Kraemer, Crowley, and Kretzschmar 

2006; Robin et al. 2008; Schenkeveld et al. 2014). For siderophores to bring Fe to a cell, they 

must be transported as an apo-siderophore (not binding a metal) from the cell to an Fe source, 

and then as an Fe(III)-siderophore complex back to the cell. Because soils are complicated and 

dynamic systems, a myriad of reactive agents, including mineral surfaces and organic matter, 

may disrupt these solubilization or transport processes, both for the free siderophore and 

complexed siderophore.  

Although siderophores are usually released into soils by organisms with the putative 

intent of being reabsorbed by the organism, there are many reactions in soil systems that may 

disrupt the transport and uptake of siderophores. Adsorption to minerals, degradation via redox 

active minerals or enzymes, and competitive uptake by other organisms can all play a role in the 

fate of a siderophore as it moves through the rhizosphere (Kraemer 2004; Akafia et al. 2014; 

Duckworth and Sposito 2005; Siebner-Freibach, Hadar, and Chen 2004; Kuhn et al. 2014; Kim 

et al. 2001). Traditionally, chelation has been thought to protect siderophores from antagonistic 

effects, as it orients some susceptible moieties away from bulk solution and modifies their 

electronic configuration (Duckworth, Bargar, and Sposito 2008; Edwards and Myneni 2005), 

making them less susceptible to redox or surface promoted degradation. This effect has also been 

observed in biotic systems, where chelation protects siderophore moieties from enzymatic 
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degradation (Chukwuma, Duckworth, and Baars 2025). Both apo-siderophore and metal-

siderophore complexes have previously been shown to adsorb to clays, Fe minerals, and organic 

matter (Boiteau et al. 2020; Carrasco et al. 2009; Haack, Johnston, and Maurice 2008).  

In general, sorption of molecules, including siderophores, to mineral surfaces can be 

separated into outer sphere sorption, inner sphere sorption, and the formation of ternary 

complexes. Sorption is controlled by the chemical characteristics of both the sorbent (reactive 

functional groups or electrostatic charges) and the sorptive (ionic radius, valence, bonding 

characteristics, hydrophobicity). In an outer sphere complex there is no direct bond, and the 

ligand is attracted to the surface by electrostatic forces and can be separated from the surface by 

water molecules (Strawn 2021). Inner sphere complexes are formed when the ligand binds 

directly to the surface and can be classified by their complex architecture 1) monodentate with 

one functional group bound to metal surface; 2) mononuclear bidentate with two functional 

groups bound to one metal site; or 3) bridging (binuclear) bidentate where two groups are bound 

to two different metal sites (Simanova, Loring, and Persson 2011). Metal-organic complexes, 

such as Fe(III)-siderophore complexes, can also be bound to surfaces through ternary complexes, 

where a cation or anion is used as a bridging ion. Ternary complexes can be either type A, where 

the metal bridges the surface to the ligand, or type B, where the ligand bridges the metal to the 

surface. 

Adsorption isotherms are often utilized to provide a quantitative measure of substance 

adsorption by soil minerals as a non-mechanistic approach (Sposito 2008). The data are typically 

presented as a graph of the amount of a solute adsorbed (q) versus the equilibrium solution 

concentration of the solute. Four common types of isotherms include L-type, H-type, S-type and 

C-type. Langmuir and Freundlich equations have been widely employed to mathematically 
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describe L-type adsorption behavior, the most common pattern observed in isotherms (Sposito 

2008). The Langmuir equation was developed by Irving Langmuir in 1918 to describe the 

adsorption of gas molecules on a planar surface. The original equation makes assumptions that: 

1) adsorption occurs on surfaces that have a fixed number of identical sites; 2) adsorption is 

reversible; 3) there is no lateral movement of molecules on the surface; and 4) the surface is 

homogenous and there is no interaction between adsorbate molecules (Harter and Smith 1981). 

Because soils are heterogenous surfaces, these assumptions are often invalid, and debate has 

been had over its validity to model adsorption to soil surfaces. Despite this, it can be used for 

qualitative and descriptive purposes, and can be expressed as: 

                                                   𝑞 = 𝐾𝐶𝑏/(1 + 𝐾𝐶𝑏)                                                      (1) 

where q is the amount of adsorption (adsorbate per unit mass of adsorbent) and C is equilibrium 

concentration. Although mechanistic  information cannot be derived from this purely 

macroscopic model, it can be used to predict maximum sorption values.  

The Freundlich equation was first used to describe gas phase adsorption and solute 

adsorption and is an empirical model that has been widely used in environmental soil chemistry. 

It can be expressed as: 

                                                        𝑞 = 𝐾𝑑𝐶1/𝑛                                                          (2) 

where Kd is the distribution coefficient, and n is a correction factor. Unlike the Langmuir 

equation, one of the major disadvantages of the Freundlich equation does not predict an 

adsorption maximum.  

However, it is important to keep in mind that adsorption isotherms are purely descriptions 

of macroscopic data and do not definitely prove a reaction mechanism (Sparks 2003b). 

Understanding sorption behavior of siderophores is critical to the interpretation of other 
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spectroscopic approaches, and helps inform on the mobility, bioavailability, reactivity, and 

ecological function of siderophores in soil systems.  

 

4.1. Sorption to Clays  

A significant number of studies have probed the adsorption of free siderophores and their 

complexes to clays, including montmorillonite and kaolinite (He et al. 2006; Haack, Johnston, 

and Maurice 2008; Siebner-Freibach, Hadar, and Chen 2004; Neubauer et al. 2000; Rosenberg 

and Maurice 2003). Montmorillonite is a 2:1 swelling clay, with the capacity to intercalate 

(absorb in its interlayers) molecules, and kaolinite is a 1:1 clay, with the available adsorption 

sites being silicious (Si-O-Si) sites on the basal plane surfaces (Maurice, Haack, and Mishra 

2009). Swelling clays and micas have negative permanent structural charge density resulting 

from isomorphic substitution and may undergo cation exchange. (Maurice, Haack, and Mishra 

2009). It is known that clays such as montmorillonite may intercalate many organic compounds, 

including DFOB (Haack, Johnston, and Maurice 2008). The characteristics of the interlayer 

molecules (size, structure, orientation, and charge) can change the thickness of the interlayer 

spacing, which is reflected in changes in the basal plane or interlayer spacing, as typically 

measured by X-ray diffraction. For most organic molecules and metal complexes, the large size 

of the molecule results in swelling of interlayers. Metal ions may also intercalate, often resulting 

in the collapse of interlayer spacing due to electrostatic attraction and bridging of layers. 

(Siebner-Freibach, Hadar, and Chen 2004) found that Fe(III)HDFOB+ sorbs strongly to 

montmorillonite, but minimally to kaolinite. Fourier transform infrared spectroscopy (FTIR) 

revealed that intercalation of the intact complex was the dominant sorption mechanism (Siebner-

Freibach et al. 2005). The phytosiderophore DMA has previously been shown to exhibit no 
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sorption to montmorillonite clay due to small amounts of reactive Al and small external surface 

area (Hiradate and Inoue 1999). The sorption of apo- and complexed hydroxamate siderophores, 

as well as apo- MA type siderophores to smectites is well understood, however gaps remain 

regarding the sorption of complexed phytosiderophores and catecholate type siderophores to 

clays.  

4.2. Iron oxides  

The significance of Fe bearing minerals as nutrient sources for siderophore promoted Fe 

acquisition has long been recognized. As discussed above, in most environments, Fe deficiency 

is not triggered by low total Fe concentrations but by low solubility and dissolution kinetics of Fe 

bearing mineral phases. Common crystalline Fe oxide phases include hematite (α-Fe2O3), 

magnetite (Fe3O4), and goethite (α-FeOOH) (Schwertmann 1989). The solubility of Fe oxides in 

aerobic systems depends on the properties of the solid and the composition of the solution. 

Solubilities increase with decreasing particle sizes and increasing bulk lattice energies of Fe 

oxides. Size and lattice energy are influenced by ageing and isomorphous substitution by metal 

ions such as aluminum (Al). The solution pH, ionic strength, and the presence of organic ligands 

are key factors influencing the solubility of Fe oxides. 

For the purposes of this thesis, goethite was chosen to represent stable Fe oxides. 

Goethite has a distorted hexagonal close packing structure consisting of three short O-Fe bonds 

and three long Fe-OH bonds with four repeat formula units (Cornell and Schwertmann 2003b). 

When in contact with water, the goethite surface has two types of terminal hydroxyls- a bidentate 

hydroxo group and a monodentate aquo group that may protonate or deprotonate depending on 

solution pH (Ghose et al. 2010).  
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Another class of Fe oxides is short range ordered Fe oxides, which are poorly crystalline 

Fe oxides where atoms are arranged in a somewhat regular pattern only over a few nanometers. 

The most common short range ordered Fe oxide is ferrihydrite, which serves as the most 

important precursor for other crystalline Fe (oxyhydr)oxides (i.e., hematite and goethite) 

produced in the natural environment during weathering or pedogenic processes (Cornell and 

Schwertmann 2003a; Hochella Jr et al. 2008). Ferrihydrite may control the soluble Fe 

concentrations in soil solutions due to its high solubility, surface area, and kinetic lability even if 

it represents only a minor Fe pool. Even with the considerable attention given to the chemical 

and physical properties of ferrihydrite in previous research, there is no consensus on the crystal 

structure of this mineral. It is generally considered to be poorly ordered, and designated as “two-

line” or “six-line” on the basis of the number of poorly defined, broadened maxima observed in 

X-ray diffraction (XRD) patterns (Michel et al. 2007).  The surface of both goethite and 

ferrihydrite contains reactive oxygens, leading to an overall negative surface charge on the 

minerals (if pH is less than the point of zero charge of a mineral).  

Extensive research has focused on the adsorption behavior of both free siderophores and 

their Fe(III) complexes on Fe oxide surfaces (Kraemer et al. 1999; Kraemer et al. 2002; 

Neubauer, Furrer, and Schulin 2002; Kraemer 2004). The hydroxamic groups of DFOB are 

thought to be coordinated to the surface of goethite either inner-spherically, or outer spherically 

but protonated.  Fe(III)HDFOB+ has been shown to sorb in part as a type A ternary complex to 

the surface of goethite (Simanova, Loring, and Persson 2011). However, most studies have 

focused on the siderophore DFOB and thus knowledge gaps exist as to the adsorption behavior 

of other binding moieties to these minerals.  

4.3. Organic Matter  
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Soil organic matter (SOM) may also interact with siderophores and their complexes. 

Humic substances are amongst the most widely distributed organic materials on the planet 

(Stevenson 1994), and contribute vital properties to soils, including  sequestration, mobilization, 

and oxidative or reductive transformation of  molecules (Sutton and Sposito 2005). Humic 

substances are currently defined as supramolecular associations, in which many relatively small 

and chemically diverse organic molecules form clusters linked by hydrogen bonds and 

hydrophobic interactions (Piccolo 2001).  This results in the concept of a micellar structure for 

organic matter, where hydrophilic exterior regions shield hydrophobic regions from water 

molecules (Wandruszka, Engebreatson, and Yates 1999).  

Because Fe is ubiquitous in soils, it plays an important role in the stabilization of organic 

matter in soil (Jambor and Dutrizac 1998). However, the binding strength of Fe to siderophores 

is higher than that of Fe to organic matter, so Fe in this pool represents a possible labile source of 

Fe (Gustafsson et al. 2007). SOM may also act as a potential sink for siderophores, as 

siderophores can adsorb to negative sites on humic substances or minerals via bridging with 

multivalent cations (Harrington, Duckworth, and Haselwandter 2015). For the siderophore 

DFOB, it has been shown that an excess of DFOB removed around 75% of Fe from organic 

matter, and lowered the distribution of molecular weights, perhaps due to the removal of 

bridging Fe (Kuhn et al. 2014). Siderophores may strongly interact with SOM through hydrogen 

bonding, by bridging complexes with strongly bound ions or nanoparticles, or via hydrophobic 

partitioning. Higashi et. al. found that the formation of DFOB·humic substances (HS) (or 

possibly DFOB·metal·HS) caused significant decreases in the formation of the Fe(III)-DFOB 

complex (M. Higashi, W-M. Fan, and N. Lane 1998) . The results showed that such organic 

ligand–HS interactions do occur for DFOB, which significantly alter the metal ion chemistry and 
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probably affect bioavailability. Additionally, the adsorption of siderophores pyoverdin and 

enterobactin to alkaline soils containing organic matter has been studied. It was concluded that 

cation-bridged aggregation of OM favors the stabilization of larger molecules with more 

nucleophilic functional groups based on the increased adsorption of pyoverdine over 

enterobactin (Boiteau et al. 2020). Additionally, it was found that siderophores associated with 

organic carbon coatings rather than to bare mineral, indicating that SOM is a sink for 

siderophores (Boiteau et al. 2020). SOM can act as both an Fe source and a sink for 

siderophores, and these interactions need to be studied with greater depth.  

4.4. Manganese Oxides 

Manganese is commonly found as Mn(II), Mn(III) or Mn(IV) in natural environments in 

a diverse suite of minerals (Post 1999). Mn(II) is favored under reducing conditions and is 

predominantly associated with ferromagnesian silicates and other Fe-bearing minerals. During 

mineral weathering, Mn(II) associated with these primary minerals may be oxidized to Mn(III) 

and Mn(IV) either at the mineral surface or in solution. (Robson 1988).  For the purposes of this 

dissertation, the Mn oxide to be discussed is birnessite. Birnessite consists of stacked sheets of 

edge-sharing Mn octahedra, a layered arrangement known as a phyllomanganate structure 

(Remucal and Ginder-Vogel 2014). Mn atoms in the layers are mainly Mn4+ but Mn3+ can be a 

minor component. The layers also contain varying amounts of uncoordinated oxygen atoms 

around point defects of missing Mn, known as cationic vacant sites, which are often sites of 

oxidation and sorption (Schacht and Ginder-Vogel 2018). The high number of vacancy sites 

results in high redox activity (Morgan 2000). As a result, most studies of the dissolution of Mn 

hydr(oxides) have focused on reductive pathways, and have shown that ligands promote 
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dissolution via reductive dissolution (Klewicki and Morgan 1999; McArdell, Stone, and Tian 

1998).  

5. Siderophore Induced Mineral Dissolution Mechanisms  

Dissolution of metal hydr(oxides) plays an important role in the fate of siderophores and 

their ability to increase nutrient availability, as it can lead to siderophore degradation, coupled with 

the release of free metal into the rhizosphere. The dissolution of metal oxides may occur via several 

different reactions, including ligand-promoted, reductive, and proton-promoted pathways. For the 

purpose of this thesis, ligand promoted dissolution and reductive dissolution are discussed.  

5.1. Non-reductive ligand promoted dissolution 

Ligand-promoted dissolution involves surface complex formation between the ligand and 

a metal ion at the surface of the  mineral, which destabilizes the metal-oxygen bonds, and mobilizes 

the metal into solution (Kraemer 2004; Wehrli, Wieland, and Furrer 1990). This is followed by 

regeneration of the surface site and transport of the detached metal into solution, typically as a part 

of a metal-ligand complex.  

Non-reductive siderophore promoted dissolution has been extensively studied for soil 

minerals (Kraemer 2004; Kraemer, Crowley, and Kretzschmar 2006).  Siderophores promote Fe 

dissolution from a wide range of Fe minerals, however most studies have again focused on the 

siderophore DFOB (Cheah et al. 2003; Cocozza et al. 2002; Liermann et al. 2000; Yoshida, 

Hayashi, and Ohmoto 2002; Cervini-Silva and Sposito 2002). DFOB-promoted dissolution of Fe 

hydroxides occurs via a pH-independent, ligand-promoted (non-reductive) process that occurs on 

the surface of the mineral (Cocozza et al. 2002; Hersman, Lloyd, and Sposito 1995). Other 

hydroxamate type siderophores have been shown to exhibit similar surface controlled non 

reductive behavior (Cocozza et al. 2002; Hersman, Lloyd, and Sposito 1995).  
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The dissolution of chromium (Cr) from hydroxide minerals has been studied by 

Duckworth et. al., who found that at pH 5, a proton promoted dissolution mechanism occurred, 

and at pH 8, a ligand promoted dissolution mechanism was observed (Duckworth et al. 2014). At 

high pH, Mn oxides have also been found to dissolve via ligand promoted pathways (Duckworth 

and Sposito 2005).   

5.2. Reductive dissolution 

Because transition metals may be prone to redox reactions, changes in oxidation state 

have a dramatic impact on both their solubility and speciation. Under anoxic conditions, oxides 

of Fe(III) and Mn(III,IV) can be reduced to their divalent oxidation state, greatly increasing 

solubility. Additionally, in aerobic environments at neutral pH, adsorbed ligand can act as a 

reductant to promote reductive dissolution of oxides (Stumm 1987). Reductive dissolution 

involves electron transfer between ligands and the surface metal, with the ligand being oxidized 

and the surface being reduced. This process also results in the detachment of the metal from the 

surface and is concomitant with the degradation of the siderophore.  

Several factors determine which mechanism occurs within a system. One key factor is the 

redox activity of the siderophore functional group (Figure 1). For instance, hydroxamate-type 

siderophores such as DFOB are not highly redox active and therefore typically facilitate metal 

mobilization through ligand-promoted dissolution (Kraemer 2004). In contrast, catecholate 

groups are much more redox active and can be readily oxidized to quinones (Dubbin and 

Bullough 2017; French et al. 2024). Another important factor is the strength of surface 

interactions; when the binding between the siderophore and mineral surface is weaker, as in the 

case of outer-sphere interactions, electron transfer is less likely to occur (Cheah et al. 2003). 
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Finally, environmental conditions such as soil pH and redox potential also play a crucial role in 

influencing which mechanism predominates. 

The dissolution of Mn minerals via DFOB has also been researched. Lloyd et. al. found 

that for manganite (MnOOH) reductive dissolution occurred; and Duckworth et. al. found non-

reductive dissolution occurred at pH > 6.5 leading to the conclusion that DFOB dissolves Mn 

oxides via a reductive pathway at pH < 7, and a ligand promoted pathway at pH > 7 (Duckworth 

and Sposito 2007, 2005; Lloyd 1999). This was later confirmed for other Mn oxides (birnessite, 

pyrolusite) of differing oxidation numbers ( (Peña et al. 2007; Duckworth and Sposito 2007).  A 

similar observation has been made for the dissolution of heterogenite (CoOOH) (Bi, Hesterberg, 

and Duckworth 2010). Because reductive dissolution results in siderophore oxidation, Mn oxide 

dissolution at acidic pH may provide a significant abiotic sink for siderophores in 

soils (Duckworth and Sposito 2007) and inhibit for Fe uptake (Kang and Peña 2023). Although 

Fe oxides are typically reduced via ligand promoted pathways, in the absence of light at pH = 6, 

hydrolysis of the terminal hydroxamate group of DFOB at the Fe-hydroxide surface may 

produce decomposition products of acetate and an oxidized hydroxylamine-DFOB fragment, 

suggesting a reductive dissolution pathway for goethite dissolution (Simanova, Persson, and 

Loring 2010).  

5.3. Synergistic dissolution 

Siderophores are not produced in isolation by microbes and plants, but are co-exuded 

with other low molecular mass organic acids, such as citrate and oxalate (Cheah et al. 2003; 

Reichard, Kretzschmar, and Kraemer 2007). The secretion of these low molecular mass acids is 

known to be part of a strategy to promote mineral solubility and increase their bioavailability. 

Low molecular mass organic acids can behave like catalysts, known as synergistic dissolution. 
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Dissolution is synergistic if the reactivity in a multicomponent system exceeds the sum of 

reaction rates in corresponding single ligand systems. The dissolution of Fe oxide minerals in the 

presence of oxalate has been studied, and Cheah et. al. proposed the following reaction 

mechanism: 1) adsorption of carboxylate at mineral surface; 2) formation of a highly labile 

Fe(III)-carboxylate surface species; 3) detachment of the complex; 4) substitution of the 

carboxylate with a siderophore; and 5) reabsorption of the freed carboxylate to the mineral 

surface (Cheah et al. 2003). This was investigated on a molecular scale by Simanova et. al., who 

concluded that type A oxalate-Fe(III)-goethite complexes form at the water-goethite interface 

(Simanova 2011). Since the ternary complex is connected to the surface via only two bonds that 

need to be broken, Fe in this ternary complex is most likely more labile and therefore more 

accessible to siderophores than the Fe in the crystal lattice. A similar observation was made with 

MnO2 in the presence of DFOB and low molecular mass organic acids (Saal and Duckworth, 

2010). The presence of citrate and oxalate enhanced the DFOB-promoted rate of dissolution of δ-

MnO2 across a wide range of pH. Citrate–DFOB mixtures enhance both reductive and complex-

forming dissolution rates, while oxalate–DFOB mixtures enhance only reductive dissolution 

rates and the production of Mn(II) (Saal and Duckworth 2010). On the contrary, when looking at 

dissolution rates of Cr oxides in the presence of oxalate and DFOB, no synergistic dissolution 

was observed, as Cr exchange between the oxalate and DFOB is slow and limits the process 

(Saad et al. 2017).  

6. Technical Approaches  

Technical approaches to studying reactions with siderophores in soils have typically been 

limited to extraction of the siderophore from the system, or assay quantification (Rai et al. 

2020a; Powell et al. 1980). The success with siderophore extraction has mostly been limited to 
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hydroxamate type siderophores such as DFOB, leaving the occurrence of other metal 

siderophore complexes poorly resolved. These analytical limitations are due to strong adsorption 

to soil particles and the abundance of Fe in soil environments.   

The background concentrations of Fe (ca. 100–100,000 mg kg-1 (Sparks 2003a)) in soils 

makes probing Fe atoms in siderophore complexes by element specific techniques, such as X-ray 

absorption spectroscopy (XAS) or X-ray fluorescence (XRF) analysis, unfeasible. However, low 

abundance yet chemically similar metals have been successfully used to probe chemistries of 

systems with significant competing background signals (Hagvall, Persson, and Karlsson 2014). 

Gallium (Ga) is a non-redox active metal that occurs at very low concentrations in environmental 

systems and has similar physicochemical properties to Fe. Fe(III) and Ga(III) ions show 

extensive similarities in nuclear radius, coordination chemistry, ionization potential, 

electronegativity, electron affinity, and tendency to ionic bonding, which make many biological 

systems unable to distinguish between these two metals and leads to Ga(III) incorporation in 

siderophores as well as in several Fe(III)-containing enzymes (Chitambar and Narasimhan 1991). 

(Nicolafrancesco et al. 2019) investigated the local coordination structure of Ga(III)-pyoverdin 

complexes using multiple spectroscopic techniques and determined that the electronic structure 

and coordination geometry of the Ga(III)-pyoverdin complex  is analogous to that of the Fe(III)-

pyoverdin complex.  

The use of Ga(III)-siderophore complexes allowed for measuring the K-edge Ga 

extended X-ray absorption fine structure (EXAFS) spectra (Hagvall, Persson, and Karlsson 

2014). EXAFS is an element specific technique in which a high energy X-ray allows for the 

excitation of a core electron. This vacancy in the core shell results in the relaxation of an outer 

electron to fill this vacancy, and an X-ray is emitted. EXAFS relies on an interference effect 
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using the wave nature of the photoelectron. These oscillations off neighboring atoms can be 

measured as changes in intensity of incident or fluoresced X-rays. EXAFS is highly useful for 

probing the local coordination environment as well as the oxidation state of an element of 

interest.  

Another synchrotron technique that can be used to probe the fate of siderophores in soils 

is micro-X-ray fluorescence (μ-XRF) (Majumdar et al. 2012). μ-XRF uses the same foundational 

principles as XRF (adsorption of X-rays by a sample leaving a vacancy, followed by the release 

of a secondary X-ray as an outer electron relaxed to fill the hole) but adds an element of spatial 

mapping.  Unlike conventional spatial XRF, which has a typical spatial resolution ranging in 

diameter from several hundred micrometers up to several millimeters, µ-XRF uses X-ray optics 

to restrict the excitation beam size or focus the excitation beam to a small spot on the sample 

surface so that small features on the sample can be analyzed. It can also be paired with μ-EXAFS 

to obtain more detailed information on specific map areas. In this dissertation, EXAFS and μ-

XRF mapping are combined to track Ga(III)-siderophore complexes through soil and to discern 

which soil components are associating with siderophore complexes.  

7. Objectives  

The overarching objective of this dissertation is to investigate the fate of apo siderophores and 

metal-siderophore complexes in soil systems. This was investigated over three objectives 

organized into chapters: 

1. Determining the stability constants of the siderophore PDMA with the trace metal  

nutrients Mn(II), Co(II), Cu(II), and Zn(II) to better understand the effectiveness of 

PDMA as a trace metal fertilizer and its impacts on trace metal biogeochemistry.  
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2. Understand how apo-DFOB, apo-PDMA, and apo-protochelin and their metal 

complexes react and bind to antagonistic soil minerals to aid in our understanding of 

Fe cycling in soils.  

3. Investigate the fate of DFOB, PDMA, and protochelin complexes in three unique 

soils (high clay, high organic matter, and calcareous) to understand how siderophore 

structure determines its fate in distinctive soil environments. 

4. A final chapter will provide reflections on the research as well as an outlook on the 

applications, implications, and potential next steps for this line of inquiry.  
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Figure 1.1. Structures of hydroxamate, catecholate, α-hydroxycarboxylate, α-aminocarboxylate, 

α-hydroxyimidazole and hyroxyphenyloxazolone binding moieties.  
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Figure 1.2. Structures of the siderophores proline-2’-deoxymugineic acid (PMDA), 

desferrioxamine-B (DFOB), and protochelin 

 

 

 

 

 

 

 

 

 

 



   

32 

 

CHAPTER 2: Stability of metal ion complexes with the synthetic phytosiderophore 

proline-2′-deoxymugineic acid 

Published: Evers A, Kohn J, Baars O, Harrington JM, Namba K, Duckworth OW. Stability of 

metal ion complexes with the synthetic phytosiderophore proline-2'-deoxymugineic acid. 

Biometals. 2024 Dec;37(6):1599-1607. doi: 10.1007/s10534-024-00629-7. Epub 2024 Aug 28. 

PMID: 39198338. 

Introduction 

Essential trace metals, including Mn, Fe, Co, Ni, Cu, and Zn, are required by plants, 

microbes, and humans, largely for use in metalloenzymes required for proper metabolic function 

(Alloway 2008, Alloway 2013). In humans, inadequate dietary micronutrient concentrations of 

crops grown in deficient soils can contribute to “hidden hunger”, which occurs when nutritional 

requirements are not properly met despite sufficient calorie consumption (Muthayya, Rah et al. 

2013). Currently, about 30% of plants growing on cultivated soils worldwide are deficient in iron 

and 50% of world cereal crops (wheat, maize, barley, and rice) are deficient in zinc, leading to 

significant decreases in agricultural yield and nutritional value, while also increasing crop 

susceptibility to chlorosis and other developmental defects (Alloway 2013, Das 2014). Nutrient 

deficiencies can stem from several issues, including the insolubility of trace metal nutrients 

preventing their dissolution into the bioavailable pool. (Khush, Lee et al. 2012). 

To facilitate the uptake of poorly bioavailable essential nutrients, graminaceous plants, as 

well as many bacteria and fungi, have developed the ability to exude low molecular weight 

organic ligands (metallophores) when experiencing trace metal deficiency stress (Schenkeveld, 

Schindlegger et al. 2014, Kraemer, Duckworth et al. 2015). The most widely recognized class of 

metallophores is siderophores (from the Greek: “iron carriers”), a structurally broad group of 
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molecules that have large binding affinities for Fe(III), but have also been shown to bind with 

and impact the biogeochemical cycling of other elements (Treeby, Marschner et al. 1989, 

Kraemer, Duckworth et al. 2015, Suzuki, Urabe et al. 2021). Once exuded, siderophores can 

mobilize metal cations from poorlysolubility soil minerals into the bioavailable pool by forming 

high affinity soluble complexes (Treeby, Marschner et al. 1989, Dhungana and Crumbliss 2005). 

2’- deoxymugineic acid (DMA) is a phytosiderophore, a subclass of α- 

hydroxycarboxylate siderophores secreted by plants (Figure 1), that is exuded by rice plants 

during metal deficiency stress and has been shown to effectively bind with many trace metal 

nutrients (Sugiura, Tanaka et al. 1981, Dell'mour, Koellensperger et al. 2010). Because of its 

binding affinities for trace metals, synthetic DMA has been tested as a soil amendment to 

increase nutrient availability across a wide range of agricultural settings, particularly in 

calcareoussoils like those that comprise approximately one third of Earth’s total land area 

(Kraemer, Crowley et al. 2006).  However, DMA contains a highly strained 4-membered 

azetidine ring that contributes to the relative instability of the molecule (Suzuki, Urabe et al. 

2021). Recently, a more stable synthetic DMA analog, proline 2′-deoxymugineic acid (PDMA; 

Figure 1), was developed which shows a comparable binding affinity with Fe3+ (Suzuki, Urabe et 

al. 2021). By replacing the strained 4-membered azetidine ring in DMA with the 5-membered 

pyrrolidine ring in PDMA, the synthesis costs and susceptibility to microbial degradation were 

reduced (Suzuki, Urabe et al. 2021). 

Preliminary laboratory experiments indicate that PDMA can mobilize Fe(III) with similar 

efficiency as DMA, but less is known about how PDMA interacts with other trace metal 

nutrients (Suzuki, Urabe et al. 2021). Direct observation and accurate measurements of 

siderophore dynamics in natural rhizosphere ecosystems are difficult to facilitate due to the 
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inaccessibility of high-resolution in situ techniques and the complexity of natural soil substrates 

(Northover, Mao et al. 2022). Consequently, laboratory experiments and geochemical models are 

commonly used to study trace metal acquisition and transport (Di Bonito, Lofts et al. 2018). 

However, these models require accurate thermodynamic parameters to reflect the behavior of 

siderophores in soil environments. The goals of this study are to: (1) use spectrophotometric 

titrations to quantify the stability constants of PDMA with Mn(II), Co(II), Ni(II), Cu(II), and 

Zn(II); and (2) to compare the values with known stability constants of other metal-siderophore 

complexes, which can provide insights into metal-phytosiderophore complex formation and fate 

in the environment. Our results are critical for further understanding the potential effectiveness 

of PDMA as a trace metal fertilizer and its impacts on trace metal biogeochemistry. 

Materials and Methods  

Materials. All solutions were prepared using ASTM Type 1 (>18.2 MΩ∙cm) deionized 

water (DI). Unless otherwise noted, all chemicals used were of reagent grade from Fisher 

Scientific (Hampton, NH) or Sigma-Aldrich (St. Louis, MO). Proline-2′-deoxymugineic acid 

PDMA was provided as PDMA∙2HCl by Aichi Steel Corporation (Japan) (Suzuki, Urabe et al. 

2021). 

Spectrophotometric titrations. Solutions containing 1.0 mM of metal ion (as the salts 

MnSO4 ·H2O, Co(NO3)2 ·6H2O, NiCl2 ·6H2O, CuCl2, or ZnSO4 ·7H2O) and 1.0 mM PDMA 

were prepared in a matching 0.1 M NaCl or NaNO3 background electrolyte in deionized water, 

depending on which electrolyte had a lower formation constant with the metal ion. These metal-

PDMA solutions were shielded from light with aluminum foil and titrated within a few hours of 

preparation to limit potential degradation of the siderophore. Solutions were N2 purged for at 

least 1 hour prior to use in the titrations. 
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Titrations were conducted using an autotitrator (888 Titrando, Metrohm, Switzerland) 

equipped with a combination glass electrode and a UV-visible miniature spectrophotometer 

(FLAME-T-UV-VIS-ES, OceanOptics) with a equipped with a dip probe (1 cm pathlength) and 

a deuterium-halogen light source (DH-mini UV-Vis-NIR, OceanOptics, FL, USA). The 

autotitrator electrode was calibrated by measuring electromotive force (emf; mV) as a function 

of known proton concentrations using commercially standardized 0.1 M HCl and NaOH. 

Solutions were pH adjusted to pH = 2.6 with 0.1 M HCl and 50 mL aliquots of the metal 

ion-PDMA solution were transferred into an aluminum foil covered reaction flask and titrated 

with 0.2 mL doses of commercially standardized 0.1 M NaOH every minute under constant 

stirring. During the titration, stable emf readings were collected after each dose of titrant. After 

each stable reading, UV-visible spectra were immediately collected between 200–800 nm. 

Titrations were terminated after the pH of solution reached 11.5 (Doydora, Baars et al. 2022). 

This process was performed in duplicate for each metal-PDMA solution. 

Determination of Stability Constants. The UV-visible absorbance (200–800 nm) and pH 

data from each titration was fit in the chemical equilibria modeling program KEV (Meshkov and 

Gamov 2019) to determine stability constants of MIIHPDMA- complexes with individual trace 

metals. For Mn(II), which did not have a measurable shift in spectrophotometric data, only pH 

data was used in stability constant determination. It has been previously shown that divalent 

metal ions form pentadentate complexes with DMA at alkaline pH (Sugiura, Tanaka et al. 1981), 

and we thus assume our final species to be MIIHPDMA-. By calculating the amount of protons 

consumed in excess of those required to change the pH of water (3 ± 0.5 for all titrations), the 

species at the beginning of the titration was inferred to be MIIH4PDMA2+. The molar absorptivity 

constants for MIIH4PDMA2+ and MIIHPDMA- were thus determined from the first and last 
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spectra of each titration. KEV was further parametrized with all species present in the titration, 

including metal hydrolysis species and metal ligand species, by using known thermodynamic 

data (Schecher 2001).  

Results and Discussion 

Binding of metal ions by phytosiderophores. The pKa values for different functional groups in 

PDMA (Figure 1) are: pKa1 = 2.01, pKa2 = 2.47, pKa3 = 3.12, pKa4 = 7.63, and pKa5 = 9.23 (Suzuki, 

Urabe et al. 2021). It is worth noting that PDMA has very basic pKa6 (i.e., pKa > 14) associated 

with the terminal α-hydroxyl group. For DMA, the dissociation constant for the α-hydroxyl group 

has been estimated to be 10-17.1 by using the Taft equation (Perrin, Dempsey et al. 1981); based on 

the similarity of the molecules, we assume the pKa6 to be comparable for PDMA.  

Siderophore complexes with metal ions have been shown to change with the pH-

dependent protonation state of the siderophore (Kim, Duckworth et al. 2009). We modelled 

metal-PDMA to undergo deprotonation reactions as the pH increased during the titration from an 

initially acidic solution (pH = 2.6): 

𝑀𝐼𝐼𝐻4𝑃𝐷𝑀𝐴2+ ↔ 𝑀𝐼𝐼𝐻𝑃𝐷𝑀𝐴− + 3𝐻+                                 (1) 

where successive deprotonation reactions free up electron pairs and create a more negative 

charge in PDMA to produce stronger PDMA metal interactions.  

The terminal α-hydroxyl group remains protonated and is not thought to bind with divalent metal 

ions at both environmental pH values and over the range of our titrations, resulting in a 

pentadentate complex at the final pH of our experiments (Murakami, Kunio et al. 1989). This has 

resulted in the reporting of stability constants using a once protonated phytosiderophore as the 

reference state such that: 

                                                   𝑀(𝐼𝐼) + 𝐿3− → 𝑀(𝐼𝐼)𝐿1                                              KML (2) 
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where L = HDMA3- or the equivalent protonation state of another physiderophore. By this 

formalism, KML = β110, where beta is the cumulative formation constant such that βMLH represent 

the reaction from the formation of individual components. However, it is worth noting that 

strongly Lewis acidic trivalent cations are thought to form hexadendate complexes (e.g., 

Fe(III)DMA-1) where the final α-hydroxyl group deprotonates and bonds to the ligand 

(Murakami, Kunio et al. 1989), resulting in a formation formation constant experession: 

                                            𝐹𝑒(𝐼𝐼𝐼) + 𝐿𝐻1−
4− → 𝐹𝑒(𝐼𝐼𝐼)𝐿𝐻1−

−                                          𝐾𝑀𝐿𝐻−1
 (3) 

where LH1- = DMA4- or the equivalent protonation state of another phytosiderophore. By this 

formalism, the formation constant is related to cumulative formation constant through division by 

the acidity constant of the terminal binding moiety KMLH1−
  = (β111-)/ Ka6.  

 These formalisms have led to some inconsistences in the reporting of stability constants. 

For example, the Fe(III)DMA complex stability constant has been reported as 15.7 and 31.35, 

dependent on whether HDMA3- (logβ111-)  or DMA4- (logKMLH1−
) was used as the reference state 

(Shenker, Fan et al. 2001, Dell'mour, Koellensperger et al. 2010). It is worth noting that, when the 

stability constant is corrected for the deprotonation of the α-hydroxyl group, the KMLH1−
 shows a 

difference between Fe(III) and divalent cations that more is typical of other siderophores and 

ligands with hard base binding moieties (Supplementary Information Table S1).  

Spectrophotometric titrations of metal-PDMA solutions. The UV-visible spectra of metal-PDMA 

complexes during titrations are shown in Figure 2. For PDMA complexes with Co(II), Zn(II), 

Cu(II), and Ni(II), spectral shifts were observed as the solution changed from low to high pH, 

reflecting changes in light absorption among the intermediate species in equation 1. For example, 

solutions with Co(II) and PDMA, a shift of Amax was observed from 262 to 272 nm, with a 0.2 unit 



   

38 

 

absorbance increase (Figure 2). In contrast, Mn(II) does not show a spectral shift in the UV-visible 

range (Figure S1).  

Determination of Stability Constants. Using the spectrophotometric titration data, we 

calculated the stability constants for MIIHPDMA- (LogKML), with Mn(II), Ni(II), Cu(II), Co(II), 

and Zn(II), in KEV (Table 1). The resulting stability constants are similar to those previously 

obtained stability constants for other phytosiderophores, such as mugineic acid (MA), 2’- 

deoxymugineic acid (DMA), 3-hydroxymugineic acid (HMA) and 3-epi-hydroxymugineic acid 

(epi-HMA) (supplementary material Table S1). The Fe(III)PDMA- stability constant was 

previously determined by Suzuki et al. (2021), and adjusted to logKMLH-1 = 34.2, considering the 

deprotonation of the α-hydroxyl group.  

Lewis acidity and binding. The affnity of ligands for metal ions has previously been 

correlated to several parameters, including ionic potential (z/r), and hydrolysis constant (KOH) 

of cations (Hancock and Martell 1989, Hernlem, Vane et al. 1999). These correlations not only 

provide insights into the interactions between binding ligands and metal ions, they can facilitate 

the estimation of affinity constants for metals for which there is no experimental data 

(Duckworth, Akafia et al. 2014). 

Because ligand complexation is fundamentally a Lewis acid-base interaction, some 

aspects of siderophore stability constants can be attributed to the hard-soft acid/base theory. 

Figure 3a presents a linear correlation of logKPDMA with the ionic potential of the corresponding 

metal ion (R2 = 0.87). This phenomenon can be rationalized by noting that the Pearson's hardness 

of the metal ion is related to the strength of interaction with the Lewis bases in the siderophore 

binding moieties. Similarly, Figure 3b presents a correlation of logKPDMA versus the logarithm of 

the hydrolysis constant (logKOH) (R2 = 0.96). Because siderophores feature negatively charged 
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oxygen donor groups (in the case of PDMA, carboxylate groups and a hydroxyl group), it is 

assumed that the ability of the metal ion to attract the binding groups on the ligand trends with 

the affinity of the metal ion for hydroxide ions (Hernlem, Vane et al. 1999). 

Despite its utility in explaining fundamental chemistry, Hernlem et al. (1999) noted that 

using z/r as a predictor of unknown ligand-metal stability constants may be superfluous because 

the relationship with logKOH yields a stronger correlation (Figure 3). The resulting equation, 

which may be used to estimate stability constants from tabulated hydrolysis constants, is: 

                            logKOH = (0.32 ± 0.02)logK – (13.6 ± 0.3)  (4) 

where logK is the the KML or the KMLH-1 depending on the metal in question. Estimates of PDMA 

stability constants determined by equation 4 are presented in the supporting information 

(supplementary material Table S2). 

Estimation of phytosiderophore stability. Unlike structurally diverse microbial 

siderophores, phytosiderophores are closely structurally related. As seen in the Figure 1, the 

main difference between phytosiderophores is the presence and position of hydroxyl groups not 

associated in metal binding. Synthetic PDMA has the added change of having a five membered 

ring instead of a four membered ring, making it more resistant to microbial degradation in the 

rhizosphere environment than natural phytosiderophores (Suzuki, Urabe et al. 2021). The 

homology of these ligands suggest commonalities in the binding affinities of these ligands. 

To that end, we constructed log-log plots of the stability constants for PDMA that we 

determined against known literature stability constants for the other phytosiderophores, as well 

as the commonly used trishydroxamate siderophore DFOB. Regressions for all the siderophores 

with PDMA show strong linear trends, with R2 = 0.90–0.94 (Table 2). Because PDMA is easier 

to obtain, more stable and more inexpensive than a lot of other phytosiderophores such as 
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mugineic acid (MA), 2’-deoxymugineic acid (DMA),  and 3-epi-hydroxymugineic acid (epi-

HMA), it could be used as an alternative to these siderophores, and as a predictor of metal 

stability constants with MA, DMA, and epi-HMA.  

When regressing the stability constants for PDMA with those of the trishydroxamate 

DFOB, an R2 = 0.90 was observed from the relationship: 

                          logKHDFOB = (0.85 ± 0.10)logK – (1 ± 1)  (5)  

This correlation was previously discounted because of the aforementioned 

inconsistencies in reporting of the hexadentate Fe(III) binding constants (with phytosiderophore 

constants being orders of magnitude smaller than DFOB) and the structural differences between 

the ligands (viz. amine groups associated with complexation by PDMA). It is worth noting here 

that Al(III), another known hexadentate phytosiderophore complex, also falls onto the line 

created by this regression, with a logKMLH1-=23.9 for MA and logKML=22.2 for DFOB 

(Yoshimura, Kohdr et al. 2011). Because DFOB has a large thermodynamic database of 

siderophore-metal ion interactions, using DFOB as a predictor for PMDA, and potentially other 

phytosiderophores, could allow for estimation of a large number of ions that may be used in 

models of siderophores in the environment. 

Table S2 shows estimated binding affinities for PDMA as calculated by equations 2 and 3 

(e.g., estimation from hydrolysis and DFOB binding constants). In general, estimated errors are 

greater for logKDFOB estimated constants than from hydrolysis constants. In general, there is 

reasonable agreement (difference in logK values less than 2) for divalent cations as well as Al(III) 

and Ga(III). Greater discrepancies appear for large cations that have non-octahedral or 

pentadentate coordination (e.g., La(III) or Pb(II) and hard cations with high affinities (e.g., In(III), 

Co(III), and Mn(III)). Previous studies have noted that for hard ions, steric effects may have 
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significant impacts on the relative affinity for specific metal ions ions (Harrington, Bargar et al. 

2012). This suggests that caution may be needed when estimating the binding constants of ligands 

that have differing coordination chemistries (e.g., steric contracts, moiety preorganization, or 

complex architectures), and that more logKMLH1−
values for hexadentate trivalent metals are 

needed to further empirically confirm this relationship   The values in Table S2 provide potential 

end member estimates for phytosiderophores with metal ions that lack values, as well as illustrate 

the limits of this approach, and may help to guide future measurements to improve our ability to 

estimate logK values. 

Conclusions and Implications  

This study determined the stability constants of synthetic mugineic acid derivative 

siderophore – PDMA – with the metals ions Mn(II), Co(II), Ni(II), Cu(II), and Zn(II) via 

potentiometric and spectrophotometric titrations. Spectrophotometric shifts were observed, acting 

as an indication that the ligand was deprotonating and binding with the metal complex as pH 

increased. The hydrolysis constant and the ionic potential of the metal ion may be used as 

predictors of stability constants with PDMA. Stability constants were also regressed against the 

stability constants of other mugineic acid type phytosiderophores, as well as the trishydroxamate 

microbial DFOB, showing that known constants for these siderophores could also act as predictors, 

with specific caveats and limitations related to different coordination chemistries with different 

metals. Being able to estimate the stability of PDMA with different micronutrients can help predict 

PDMA’s possibility as a fertilizer, while estimates with several metal cations could predict the 

plausibility in contaminant remediation scenarios.  
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Figure 2.1 Structures of the phytosiderophores proline-2′-deoxymugineic acid (PDMA), 2′- 

deoxymugineic acid (DMA), mugineic acid (MA), and 3-Epi-3-hydroxymugineic (epi-HMA).  
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Figure 2.2. Spectrophotometric titration for zinc and cobalt titration of MII- proline-2′-

deoxymugineic acid (PDMA) systems. [MII-PDMA] = 1.0 × 10-3 M, I = 0.10 M. Arrows indicate 

the direction of spectral shifts. Other elements along with potentiometric titrations in 

Supplementary Information Figure S1. 
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Figure 2.3. (a) First hydrolysis constant for metal ions regressed against proline-2′-deoxymugineic 

acid (PDMA) stability constants. (b) Ionic potential of metals regressed against proline-2′-

deoxymugineic acid (PDMA) stability constants.  
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Figure 2.4. Regression of proline-2′-deoxymugineic acid (PDMA) stability constants against 

stability constants for 2′- deoxymugineic acid (DMA), mugineic acid (MA), and 3-Epi-3-

hydroxymugineic (epi-HMA), and desferrioxamine B (DFOB). 
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Table 2.1. Stability constants, standard deviations, R2 values for divalent metal-PDMA 

complexes calculated by KEV from spectrophotometric titration data (in duplicate).  

M(II)HPDMA3- 

complex LogKML R2 LogKML R2 

Mn(II) 7.6 ± 0.2 0.99 7.6 ± 0.3 0.98 

Co(II) 
13.9 ± 

0.6 
0.97 13.7 ± 0.5 0.96 

Ni(II) 
12.3 ± 

0.5 
0.99 11.3 ± 0.5 0.92 

Cu(II) 18 ± 1 0.99 21 ± 1 0.96 

Zn(II) 
14.0 ± 

0.1 
1.00 15.7 ± 0.2 0.92 
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Table 2.2. Regression statistics for the regression of PDMA with HMA, DMA, MA, epi-HMA, 

and DFOB. Stability constants are from: DMA (Murakami et al. 1989); MA (Murakami et al. 

1989); epi-HMA(Murakami et al. 1989); and DFOB (Hernlem, Vane, and Sayles 1996) 

siderophore slope intercept R2 

DMA 0.82 ± 0.07 1 ± 1 0.93 

MA 0.85 ± 0.08 1 ± 1 0.93 

epiHMA 0.92 ± 0.07 1 ± 1 0.94 

DFOB 0.85 ± 0.07 2 ± 1 0.90 
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CHAPTER 3: Probing the Fate of Structurally Distinct Siderophores with Reactive Soil 

Components  

 

1. Introduction 

Iron (Fe) is an essential nutrient for all organisms. However, in aerobic environments, such 

as many soils and surface waters, it is typically held in low solubility (oxyhydr)oxide minerals 

with limited bioavailability. This lack of availability can lead to biological Fe deficiency in alkaline 

soils where Fe is abundant but not available for organism uptake. Consequently, bacteria, fungi, 

and graminaceous plants have evolved specific strategies for Fe uptake. One such strategy is the 

production of siderophores, a structurally diverse class of high affinity Fe(III) chelating agents 

with low molecular masses (typically 200–2000 Da) that are exuded to facilitate the solubilization 

and uptake of essential nutrients from soils (Schwyn and Neilands 1987). Siderophores typically 

contain multidentate combinations of catecholate, hydroxamate, carboxylate, and α-

hydroxycarboxylate groups arranged in linear, tripodal, or cyclic arrangements (Crumbliss and 

Harrington 2009; Hider and Kong 2010). 

Grasses, bacteria, and fungi all release structurally distinct siderophores. For example, 

grasses produce carboxylate-bearing mugineic acid type siderophore whereas fungi most 

commonly produce hydroxamate siderophores (Römheld and Marschner 1986; Renshaw et al. 

2002). Currently, we know little about how these structural differences affect their fate and their 

ability to transport metals in soils (Harrington, Duckworth, and Haselwandter 2015). The 

traditional paradigm for siderophore activity in soil involves: (1) siderophore release from 

organisms; (2) Fe solubilization from bio-unavailable sources; and (3) Fe uptake by cells via an 

active transporter or reductive process (Kraemer 2004; Kraemer, Crowley, and Kretzschmar 2006; 

Robin et al. 2008). For siderophores to bring nutrients to a cell, they must be transported as an apo-

siderophore from the cell to a Fe source, and then as a Fe(III)-siderophore complex back to the 
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cell. Because soils are complicated and dynamic systems, a myriad of reactive agents, including 

mineral surfaces, may disrupt these solubilization and transport processes.  

Interactions of metal-siderophore complexes with reactive soil components are currently 

poorly resolved, largely due to soil complexity and analytical limitations. The background 

concentrations of Fe (ca. 100–100,000 mg kg-1 (Sparks 2003a)) in soils makes probing Fe atoms 

in siderophore complexes by element specific techniques, such as X-ray absorption spectroscopy 

(XAS) or X-ray fluorescence (XRF) analysis, unfeasible. However, low abundance yet chemically 

similar metals have been successfully used to probe chemistries of systems with significant 

competing background signals (Hagvall, Persson, and Karlsson 2014). 

Gallium (Ga) is found in trace amounts in soils and has physicochemical properties similar 

to Fe. The coordination chemistry of Ga is similar to that of the high-spin ferric ion, with similar 

electronic configurations (filled 3d for Ga3+ and half-filled 3d for Fe3+) and ionic radii in octahedral 

coordination (0.62 Å for Ga3+ and 0.65Å for Fe3+) (Green and Welch 1989). Therefore, many 

biological systems cannot distinguish between the two metals (Bonchi et al. 2014). Additionally, 

the stability constants (log K) of Ga(III) and Fe(III)- complexes with the siderophore DFOB are 

similar (29.49 and 32.02, respectively), so Ga(III)-siderophore behavior should reflect that of 

Fe(III)-siderophore. Although Ga does not have an environmental redox chemistry, the reduction 

of Fe(III)-siderophore complexes is generally unfavorable due to thermodynamic stabilization of 

the trivalent state by ligand binding, further making Ga an effective proxy for Fe in complexes. 

A significant number of studies have previously probed the adsorption of siderophores 

(most commonly DFOB) to clay minerals (as reviewed in (Maurice, Haack, and Mishra 2009)) 

and oxides (Kraemer et al. 1999; Neubauer, Furrer, and Schulin 2002). However, specific 

information about the sorption of structurally diverse apo-siderophore and metal siderophore 
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complexes to reactive soil components is lacking. In this study, we use the trishydroxamate 

siderophore desferrioxamine-B (DFOB), the triscatecholamide siderophore protochelin, and the 

carboxylate mugineic acid derivative phytosiderophore proline-2’-deoxymugeneic acid (PDMA) 

to probe how differing siderophore structures and binding moieties impact siderophore interactions 

with soil mineral surfaces (Figure 1). Using Ga(III)-siderophore complexes allowed for measuring 

the K-edge Ga extended X-ray absorption fine structure (EXAFS) spectra for Ga(III)-siderophore 

complexes sorbed onto mineral surfaces, elucidating the surface structure of siderophore sorption 

as well as the fate of the complex upon sorption. Pairing the structural EXAFS information with 

traditional isotherm experiments provided a deeper understanding of how structurally distinct 

siderophores interact with a myriad of reactive soil components. Understanding how apo-

siderophores and metal-siderophores react and bind in soils aids in our understanding of Fe cycling 

in soil, potentially facilitating the development of better management strategies to improve crop 

yield and Fe content.  

2. Methods 

2.1. Materials. All solutions were prepared using ASTM Type 1 (>18.2 MΩ∙cm) deionized water 

(DI). Unless otherwise noted, all chemicals used were of reagent grade from Fisher Scientific 

(Hampton, NH) or Sigma-Aldrich (St. Louis, MO). The three siderophores examined in this study 

were chosen for their structural diversity. The mesylate salt of the trishydroxamate siderophore 

DFOB was purchased from Sigma Aldrich (>92.5%) and used without any further purification. 

Protochelin (a triscatecholamide siderophore) was synthesized by the Duke University Small 

Molecules Custom Synthesis Facility (Harrington, Bargar, et al. 2012). Proline-2′-deoxymugineic 

acid PDMA was provided as PDMA∙2HCl by Aichi Steel Corporation (Japan) (Suzuki et al. 2021). 
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The Fe minerals ferrihydrite and goethite were synthesized by established methods 

(Cornell and Schwertmann 2003). The turbostratic phyllomanganate δ-MnO2 was also synthesized 

by established methods (Villalobos et al. 2003) and had been previously described (Duckworth, 

Bargar, and Sposito 2008). Standard kaolinite (KGa-1b) and montmorillonite (Na-Swy-1) were 

sourced from the Clay Mineral Society (Chantilly, VA) and used as received. A 3-point Brunauer-

Emmett-Teller (BET) specific surface area analysis was determined with a Quantichrome 

NovaTouch LX4. Oriented X-ray diffraction (XRD) patterns were collected on air dried Na-Swy-

1 samples over 3–80° 2θ using a Rigaku Smartlab X-ray Diffractometer (Cu Kα radiation). The 

diffractometer was operated at 40 kV and 44 mA, with step size and scan speed of 0.02° 2θ and 

1.123 seconds, respectively.  

2.2. Sorption Experiments. Sorption experiments were performed with apo-siderophores, and with 

Fe(III)- and Ga(III)-siderophore complexes in triplicate. DFOB, PDMA, and protochelin 

isotherms were conducted with a solid to solution ratio of 2 g/L, 10 mM 2-(N-

morpholino)ethanesulfonic acid (MES) buffer, and 0.02 M KCl background electrolyte, at pH 6. 

For Fe(III)- and Ga(III)-siderophore isotherms, FeCl3 and GaCl3 (respectively) were added in a 

1:1 stoichiometric ratio to the siderophore stock solution prior to addition to the isotherm.  

Initial concentrations included 0, 10, 50, 100, 150, 200, 250, 300, 400, and 500 µM 

siderophore or siderophore complex. Concentrations were selected to encompass a range of natural 

siderophore concentrations in rhizosphere environments. Clay minerals and δ-MnO2 were 

equilibrated for 24 hours, whereas ferrihydrite and goethite isotherms were equilibrated for 2 hours 

to prevent mineral dissolution. All samples were shielded from light to prevent photodegradation 

and filtered through a 0.2 µm filter to end the experiment. Iron-siderophore isotherms were 

immediately analyzed by UV-visible miniature spectrophotometer (FLAME-T-UV-VIS-ES, 
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OceanOptics) with a deuterium-halogen light source (DH-mini UV-Vis-NIR, OceanOptics, FL, 

USA). For apo-DFOB and apo-protochelin analysis, FeCl3 was added in a 1.2:1 Fe: siderophore 

ratio. Fe(III)-siderophore complexes were analyzed at 425 nm for DFOB (ε425 = 2700 M-1 cm-1; 

Bi, Hesterberg et al. 2010), 308 nm for Fe(III)-PDMA (ε308 = 4600 M-1 cm-1), and 545 for Fe(III)-

Protochelin (ε545 = 9195 M-1 cm-1; Harrington, Bargar et al. 2012). For apo-PDMA a Cu-CAS 

assay, composed of 100µM CuCl2, 210 µM CAS, 40mM MES, at pH 5.7 was used. Cu-CAS assay 

was added to filtered samples, and absorbance measured at 582 nm (Shenker, Chen, and Hadar 

1995).  

The sorbed concentrations of Fe(III)-siderophore, apo-siderophore, and Ga(III)-

siderophore were calculated as the difference between the initial aqueous concentration and their 

post-sorption aqueous concentration (c): 

𝑐𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑐𝑓𝑖𝑛𝑎𝑙             (1) 

Non-linear optimization in a preprogrammed Excel spreadsheet (Bolster and Hornberger 2007) 

was used to fit to Langmuir and Freundlich models.  

2.3. Mineral dissolution. To determine if mineral phases dissolved during experiments, dissolved 

Fe and Mn were quantified in solution via inductively coupled plasma-optical emission 

spectrometry (ICP-OES; Perkin Elmer Optima 800).  

In apo-siderophore isotherms with goethite and ferrihydrite, dissolved Fe was measured in 

solution. As a result, a portion of siderophore was Fe bound in solution and no longer available to 

interact with the mineral surface, referred to below as cbound. For these isotherms, csorbed was 

calculated via the following equation: 

                              𝑐𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − (𝑐𝑓𝑖𝑛𝑎𝑙 − 𝑐𝑏𝑜𝑢𝑛𝑑)     (2) 
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In experiments with δ-MnO2, dissolved Mn was found for both apo-siderophore and Fe-

siderophore complexes. Because siderophore promoted dissolution of Mn may occur by reductive 

dissolution with concomitant siderophore degradation, it is important to note that in sorption 

experiments where degradation occurs, isotherms calculated by difference are impacted by the loss 

of siderophore. In this case, equation 1 is thus modified such that: 

𝑐𝑠𝑜𝑟𝑏𝑒𝑑 + 𝑐𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 = 𝑐𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑐𝑓𝑖𝑛𝑎𝑙                                                 (3) 

2.4.Gallium-siderophore complex sorption experiments. To prepare samples for XAS 

measurements, a subset of isotherm experiments were conducted. Ga(III) and Ga(III)-siderophore 

solutions (1 mM) were exposed to mineral surfaces at pH 6 and a suspension loading of 2 g/L. 

After the equilibration period of either 24 or 2 hours (dependent on mineral identity as described 

above), the suspension was passed through 0.2 µm filter and the filtrate was analyzed for Ga 

concentration via inductive coupled plasma-optical emission spectrometry (ICP-OES; Perkin 

Elmer Optima 800). Solids were collected and air dried for XAS measurement.  

2.5. X-ray absorption spectroscopy. Gallium K-edge extended X-ray absorption fine structure 

(EXAFS) spectra were collected at room temperature at Stanford Synchrotron Radiation 

Lightsource (SSRL) or the Advanced Photon Source. Spectra were collected for most Ga(III)-

siderophore sorbed to mineral surfaces, free Ga sorbed to mineral surfaces, and aqueous Ga(III)-

PDMA and Ga(III)-protochelin complexes. Aqueous Ga(III) complexes (1 mM Ga) were prepared 

on site at pH 6. Beamline 11–2 [Si (220) variable-exit monochromator] was operated at room 

temperature by using either a 100-element germanium or passivated implanted planar silicon 

(PIPS) detector equipped with Soller slits and a Zn filter. For Fe minerals, aluminum foil was used 

to attenuate Fe fluorescence. Sample holders had a 2.5 mm by 30 mm aperture covered with 

0.0005-in. thick Kapton tape. Harmonics were rejected by using a Rh coated flat cutoff mirror. 
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The beam was calibrated using an elemental Ga standard by setting the energy to the first inflection 

point at the K-edge (10367 eV). Additionally, spectra of Ga(III) and Ga(III)-siderophore 

complexes sorbed to goethite were collected at the Advanced Photon Source at Argonne National 

Laboratory Sector 10. Energy was calibrated to the rhenium LIII edge (10535 eV). Three 

consecutive spectra, which showed no sign of beam damage, were averaged for each sample to 

improve signal-to-noise ratio.  

Spectra were energy calibrated, averaged, background-subtracted, splined, and least square 

fit (Kelly, Hesterberg et al. 2008) using the SixPACK interface (Webb 2005), which makes use of 

the IFEFFIT code (Newville 2001). To confirm their molecular structure, standard spectra, 

including aqueous Ga(III)-siderophore complexes and Ga(III) sorbed to mineral surfaces, were fit 

to existing structural models using an amplitude reduction factor of S0 = 1.0 (Duckworth, Bargar, 

and Sposito 2009b). Paths were generated for a Ga(III)-DFOB complex and Ga(III) sorbed to δ-

MnO2, alumina, and hematite using Feff 9 (Rehr et al. 2010). Specifically, Ga(III)-protochelin and 

Ga(III)-PDMA were fit existing models based on the structure of Fe(III)-protochelin and Fe(III)-

DFOB (Harrington, Bargar, et al. 2012; Harrington, Parker, et al. 2012). Existing models of cations 

sorbed to birnessite (Duckworth, Bargar, and Sposito 2008), kaolinite (O'Day, Parks, and Brown 

1994), and ferrihydrite (Whitaker and Duckworth 2018) were used for Ga(III) sorbed to δ-MnO2, 

kaolinite and montmorillonite, and goethite and ferrihydrite, respectively. Using the standards 

above, linear combination fitting with the spectra of the Ga(III)-sorbed to minerals surfaces and 

the aqueous Ga(III)-siderophore complexes (Kruft et al. 2013) was used to analyze the spectra of 

Ga(III)-siderophore complex reacted with corresponding mineral surface to better understand 

surface complexation structures for on the mineral surface. 
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3. Results 

3.1. DFOB isotherms. The surface area normalized adsorption isotherms for apo-DFOB and 

Fe(III)-DFOB, presented in Figure 2 and 3, represent the equilibrium adorption capacities of 

mineral surfaces as functions of increasing initial siderophore concentrations. Apo-DFOB showed 

sorption affinity in the order of montmorillonite> kaolinite> goethite> δ-MnO2> ferrihydrite. All 

DFOB isotherms were modeled with a Freundlich isotherm. Best fits were determined by model 

efficiency. The Freundlich sorption constant (Kf), exponential constant (n), and model efficiency 

(E) are shown in Table 1.  

For Fe(III)-DFOB, sorption was observed onto montmorillonite clay, δ-MnO2, and goethite. The 

greatest sorption maximum occurred on montmorillonite clay, with an Smax of 8.4 μmol m-1, 

followed by goethite (Smax = 0.8 μmol m-1) and δ-MnO2, (Smax = 0.4 μmol m-1). Fe(III)-DFOB 

isotherms were modeled with a Langmuir isotherm (Table 2). No sorption was observed for 

ferrihydrite or kaolinite. Although different models gave best fits, similar sorption was seen 

between DFOB and Fe(III)-DFOB to montmorillonite.  

3.2.Gallium-DFOB complex isotherms. Gallium-DFOB complex sorption experiments were 

conducted to ensure that Ga(III)-siderophore complex behavior mirrored the sorption of Fe 

chelated siderophores. To preserve small quantities of siderophores, these isotherms were only 

conducted with DFOB. Ga(III)-DFOB sorption plotted with Fe(III)-DFOB sorption is shown in 

Figure 3. Because Fe(III)-DFOB only showed sorption to goethite, montmorillonite, and δ-MnO2, 

only these three minerals were used for the verification.  

Ga(III)-DFOB and Fe(III)-DFOB sorbed to montmorillonite had similar Smax values (8.0 

μmol/m2 vs 8.4 μmol/m2). The sorption of both metal-siderophore complexes onto δ-MnO2 also 

displayed similar Smax values (0.5 μmol/m2 vs 0.4 μmol/m2). Ga(III) and Fe(III)-DFOB sorption 
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to goethite resulted in Smax values of 0.76 μmol/m2 and 0.80 μmol/m2. The overall similarity in 

sorption amounts and behaviors (Table 2) suggests that the behavior of Ga(III)-siderophore 

complexes is representative of that of the Fe(III)-siderophore complex. 

3.3 PDMA isotherms. Surface area normalized sorption isotherms for Fe(III)-PDMA (Figure 4) 

complexes were best fit with sorption maxima such that Smax was in the order montmorillonite> δ-

MnO2> goethite> ferrihydrite. No sorption was observed to kaolinite. The greatest sorption was to 

montmorillonite, and both isotherms for both montmorillonite and δ-MnO2 showed a high degree 

of linearity (n value of 1), indicating that a maximum capacity was not reached. Fit parameters are 

in Table 3. In contrast, no sorption was observed for uncomplexed PDMA (Figure 5) to 

montmorillonite, kaolinite, ferrihydrite, and goethite.   

3.4.Protochelin isotherms. For surface area normalized apo-protochelin isotherms (Figure 6) 

sorption affinity was in the order of montmorillonite> goethite> δ-MnO2> ferrihydrite> kaolinite. 

Sorption to montmorillonite was linear with increasing concentration, whereas sorption data for 

ferrihydrite and goethite were fit with Langmuir models and showed clear sorption maxima. 

Fe(III)-protochelin isotherms (Figure 7) showed similar amounts of sorption to montmorillonite 

and goethite, along with lower sorption to δ-MnO2.  

3.5. Additional changes to sorbents or solution composition. Siderophore promoted mineral 

dissolution consistent with ligand-promoted or reductive dissolution was observed in many 

isotherms. Apo-DFOB isotherms with goethite and δ-MnO2 resulted in dissolved Fe and Mn in 

solution, respectively (SI Figure 1 ). For the PDMA δ-MnO2 isotherm, dissolved Mn concentration 

increased with increasing initial concentrations of siderophore, with significant dissolution 

occurring at 250 μM initial siderophore concentration (SI Figure 2). Both apo- and Fe(III)-

protochelin isotherms resulted in similar amounts of dissolved Mn in solution, with significant 
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amounts of dissolution occurring after 100 μM of initial siderophore (SI Figure 3). Protochelin 

isotherms with ferrihydrite and goethite also resulted in dissolved Fe in solution.  

Additional color changes and visible signs of degradation were observed in apo- and 

Fe(III)-protochelin isotherms, suggesting reactions other than simple sorption. Suspensions 

containing montmorillonite clay and δ-MnO2 turned green and brown, respectively upon the 

addition of apo-protochelin and metal-protochelin complex. The formation of brown precipitates 

has been attributed to redox chemistry resulting in reactions involving catechol groups in 

protochelin (Harrington, Bargar, et al. 2012). 

3.6. EXAFS structure fitting of standard spectra. Spectra of aqueous Ga(III)-siderophore 

complexes and Ga(III) sorbed to mineral surfaces accompanied by fits existing models 

(Harrington, Bargar, et al. 2012; Duckworth, Bargar, and Sposito 2009b; Whitaker and Duckworth 

2018; O'Day, Parks, and Brown 1994) are shown in supplemental Figure 4 and 5, with fit 

parameters reported in supporting Table 1. For all standards, fits had a first shell with 5.8–8.4 

(±20%) oxygen atoms at a distance of 1.91–1.98 Å from Ga, consistent with hexadentate 

coordination of Ga(III). Aqueous complexes were found to have a layered coordination structure, 

consistent with the central Ga(III) being surrounded by the first oxygen coordination shell and 

other atoms in the molecule at longer distances (Harrington, Bargar, et al. 2012; Harrington, 

Parker, et al. 2012; Edwards and Myneni 2005; Duckworth et al. 2009; Duckworth, Bargar, and 

Sposito 2009b). For Ga(III) sorbed to ferrihydrite and goethite, the model was fit with two second 

shell Fe atoms, suggesting the possible presence of mononuclear and binuclear inner sphere 

complexes (Whitaker and Duckworth 2018). For δ-MnO2, an existing two-site model was best fit 

with a specific sorption of 86% of Ga(III) at edge sites, and 14% at phyllomanganate sheet 

vacancies (Duckworth, Bargar, and Sposito 2008). For clay minerals, shells containing Ga-Al and 
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Ga-Ga scattering paths were used, suggesting clustering of sorbed Ga(III) atoms on mineral 

surfaces (O'Day, Parks, and Brown 1994). These results are consistent with other studies of the 

sorption of metal ions to mineral surfaces, confirming the molecular structure of our standards. 

3.7. EXAFS linear combination fits. Figure 8, 9 and 10 shows the Ga K-edge EXAFS for Ga(III)-

DFOB, Ga(III)-protochelin, and Ga(III)-PDMA complexes reacted with mineral suspensions. Fits 

are represented as dashed lines. Table 7 shows the results of the least square fit results for Ga(III)-

siderophore complexes. These results were determined by using free Ga metal sorbed onto a 

mineral and aqueous Ga(III)-siderophore complex as standards in least square fitting, with 

percentages presented in the table representing the percentage of the least square fit made up of 

aqueous Ga(III)-siderophore complex.  

For ferrihydrite, Ga(III)-DFOB and Ga(III)-PDMA were best fit by 100% free Ga metal. 

Ga(III)-protochelin was best fit by 100% aqueous Ga(III)-protochelin complex. All goethite 

spectra were best fit with a ratio of around 33% aqueous Ga(III)-siderophore complex and around 

66% Ga sorbed to the surface of goethite. For montmorillonite, Ga(III)-DFOB was best fit with 

100% of the spectra of aqueous Ga(III)-DFOB complex. Ga(III)-PDMA montmorillonite was best 

fit with 70% aqueous Ga(III)-PDMA, and 30% Ga sorbed to montmorillonite. Ga(III)-protochelin 

montmorillonite resulted in a fit of 28% aqueous complex, and 72% free Ga sorbed to 

montmorillonite. Ga(III)-DFOB and Ga(III)-PDMA with kaolinite were best fit with 100% Ga 

sorbed to the surface of kaolinite. Ga(III)-protochelin onto kaolinite was best fit with 28% aqueous 

siderophore complex and 72% Ga on the surface. All three Ga(III)-siderophore complexes had 

best fits of 100% Ga sorbed to the mineral surface for δ-MnO2.  

3.8. Structural changes of montmorillonite. XRD analysis was conducted on air dried samples of 

apo-siderophore and Ga(III)-siderophore complexes sorbed to montmorillonite clay to investigate 
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whether structural changes consistent with intercalation, uptake of the complex between 

phyllosilicate layers, were occurring. This has been previously observed for apo-DFOB sorption 

to smectite clays (Haack, Johnston, and Maurice 2008). Na-montmorillonite has characteristic 

reflections present at 2θ = 6.38°, 19.92°, 20.82°, 26.66°, 28.72°, 34.92°, 50.15°, 54.08° and 61.97° 

(Sarier, Onder, and Ersoy 2010). The typical XRD reflection of Na-montmorillonite related to the 

basal spacing d(001) between the clay platelets appears at 2θ = 6.38° (6.26 Å). Cations may take 

on different orientations in the interlayer, sorbing either parallel between opposing layers, or in 

intermediate orientations. (He et al. 2006). The results of the change in basal spacing due to the 

absorption of siderophores is presented in Table 8. The absorption of free Ga caused a decrease in 

d-spacing of 1.04 Å, as expected with the introduction of a large highly charged cation. DFOB 

sorption caused an increase in d spacing of 0.52 Å, and Ga(III)-DFOB sorption resulted in an 

increase of 0.62 Å. PDMA absorption caused a decrease in d-spacing of 1.14 Å, whereas Ga(III)-

PDMA increased the basal spacing by 0.11 Å. For protochelin, d-spacing decreased by 0.6 Å, 

along with a decrease of 0.43 Å for Ga(III)-protochelin absorption. Ga(III)-protochelin was the 

only complexed siderophore causing a decrease in d-spacing. It is again worth noting that the 

montmorillonite clay turned a pronounced blue-green upon the sorption of the Ga(III)-protochelin 

complex. The XRD spectra for all siderophores and siderophore complexes (except that of Ga(III)-

protochelin) no longer showed a reflection peak of 2θ = 28.72° (Figure 9). Changes in these 

reflections are typically attributed to the delamination and disorientation of clay platelets (Sarier, 

Onder, and Ersoy 2010). 

4. Discussion 

4.1. Mechanisms of interaction of siderophores and siderophore metal complexes with surfaces. 

Previous studies of siderophores and other organic acids have demonstrated a wide range of 
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potential interactions with mineral surfaces. The individual binding groups of DFOB 

(hydroxamate), PDMA (α-aminocarboxylate and α-hydroxycarboxylate), and protochelin 

(catechol) may all uniquely interact with the contrasting surfaces of the minerals studied. Similarly, 

the complexes of these siderophores may interact differently based on the charge and structure of 

the complex. Adsorbates have either attractive electrostatic forces holding them near the surface 

(outer sphere), or have direct chemical bonds with surface functional groups (inner sphere 

adsorption and ternary complex formation) (Strawn 2021).  

4.1.1. Adsorption. Adsorption is controlled by the chemical characteristics of both the sorbent 

(reactive functional groups or electrostatic charges) and the sorptive (ionic radius, valence, 

bonding characteristics, hydrophobicity). In an outer sphere complex there is no direct bond, and 

the ligand is attracted to the surface by electrostatic forces and can be separated from the surface 

by water molecules (Strawn 2021). Inner sphere complexes be classified as: 1) monodentate with 

one functional group bound to metal surface; 2) mononuclear bidentate with two functional groups 

bound to one metal site; or 3) bridging (binuclear) bidentate where two groups are bound to two 

different metal sites (Simanova, Loring, and Persson 2011).  

Metal-organic complexes can also be bound to surfaces through ternary complexes, where 

a cation or anion is used as a bridging ion. Ternary complexes can be either type A, where the 

metal bridges the surface to the ligand, or type B, where the ligand bridges the metal to the surface. 

Fe(III)HDFOB+ has been shown to sorb in part as a type A ternary complex to the surface of 

goethite (Simanova, Loring, and Persson 2011). In the case of complexes, it is also possible that 

the surface may promote dissociation of the complex, and with potential separate sorption or 

solubilization of the siderophore and metal ion. 
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4.1.2. Dissolution. Siderophores may promote dissolution of minerals via non-reductive or 

reductive pathways. Non-reductive dissolution includes proton promoted dissolution and ligand-

controlled dissolution. Proton promoted dissolution is pH dependent and involves the protonation 

of Fe ion pairs at the mineral surface. Ligand controlled dissolution involves surface complex 

formation between the ligand and the mineral, followed by detachment of the surficial metal center. 

The ligand promoted dissolution occurs by destabilizing the coordination of the Fe ions at the 

surface (Kraemer 2004). In the absence of small organics, siderophores are generally thought to 

dissolve ferric minerals via a non-reductive ligand promoted dissolution mechanism, resulting in 

ferric siderophore complexes. 

4.1.3. Reductive dissolution with concomitant siderophore oxidation. Siderophores may also 

promote dissolution via reductive dissolution pathways. Reductive dissolution involves the 

reduction of a metal hydroxide mineral, often leading to the release of a soluble form of the metal. 

Siderophore-promoted reductive dissolution at acidic pH has been demonstrated for a variety of 

Mn (oxyhydr)oxides, including δ-MnO2, and leads to the release of a reduced metal ion into 

solution, accompanied by the oxidation of the siderophore (Duckworth and Sposito 2005; 

Harrington, Parker, et al. 2012; Duckworth and Sposito 2007; Peña et al. 2007) by the generalized 

reaction: 

𝑀𝑛(𝐼𝐼𝐼, 𝐼𝑉)𝑂2 + 𝐻4𝐷𝐹𝑂𝐵+ → 𝑀𝑛2+ + 𝐷𝐹𝑂𝐵𝑜𝑥                 (3) 

where DFOB is degraded in the process. (Akafia et al. 2014) also saw oxidation of binding groups 

in protochelin reacted with Mn oxides, where the catechol groups oxidized to quinones. 

4.1.4. Intercalation. Intercalation refers to a compound being inserted between the layers of a 

layered clay mineral. Swelling clays and micas have negative permanent structural charge density 

resulting from isomorphic substitution and may undergo cation exchange. (Maurice, Haack, and 
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Mishra 2009). It is known that for clays such as montmorillonite that many organic compounds, 

including DFOB, may absorb into the clay interlayers. The characteristics of the interlayer 

molecules (size, structure, orientation, and charge) can change the thickness of the interlayer 

spacing (d(001)), which is measurable through XRD. For most organic molecules and metal 

complexes, the large size of the molecule results in swelling of interlayers. Metal ions may also 

intercalate, often resulting in collapse of interlayer spacing due to electrostatic attraction and 

bridging of layers. 

4.2 Siderophore and siderophore complex interactions with mineral surfaces. Siderophores and 

metal-complexes have a potentially rich diversity of interactions with different mineral surfaces, 

depending on the siderophore structure and mineral surface. Based on the discussion above and 

our spectroscopic and wet chemical investigations, we explore the possible interactions present in 

our experimental systems.   

4.2.1. Montmorillonite. Apo-siderophores showed contrasting behaviors in their interactions with 

the expansive 2:1 clay montmorillonite. DFOB showed a linear isotherm (c-type isotherm) with 

montmorillonite, indicating that the sorption capacity was not reached, which is consistent with 

intercalation (Sparks 2003b). This interpretation is also supported by the XRD data, where sorption 

of DFOB to montmorillonite caused an increase in d(001). In contrast, PDMA isotherms showed 

no appreciable sorption to montmorillonite. The structurally analogous mugineic acid siderophore 

DMA, has previously been shown to exhibit no sorption to montmorillonite clay due to small 

amounts of reactive Al and small external surface area (Hiradate and Inoue 1999). However, the 

XRD data showed a decrease in d(001) spacing of 1.14 Å (Table 8), indicating that a reaction 

causing the clay layer to collapse did occur, which suggests some solute-sorbent interaction that 

results in structural rearrangement.  
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When protochelin was reacted with montmorillonite, a linear isotherm was also observed, 

however the clay turned a blue-green color upon interaction with the siderophore, which may 

suggest siderophore degradation. Protochelin has been shown to degrade via hydrolysis and 

oxidation, resulting in the formation of benzoquinone groups or coupled hydroxylated aromatic 

compounds, one of which could be responsible for the change in color observed (Dubme, Hider, 

and Khodr 1997; Harrington, Bargar, et al. 2012). This suggests that equation (1) is not applicable 

for measurements. Because equation (2) has an additional unknown degradation term, our 

isotherms likely overestimate sorption. Although approaches such as mass spectrometry have been 

used to quantify protochelin, there are significant barriers to the recovery and quantitation of both 

protochelin and its degradation products (Rai et al. 2020; French et al. 2024). It is worth noting 

that the montmorillonite d-spacing decreased by 0.6 Å upon interaction with protochelin (Table 

8), so it is possible that either protochelin or degradation fragments were intercalated in the 

interlayer of the clay.  

Montmorillonite has been shown to intercalate metal-DFOB complexes (Maurice, Haack, 

and Mishra 2009) in part because DFOB forms positive complexes with trivalent metals 

(M(III)HDFOB+) that are electrostatically attached to negative layers in the clay. Fe(III)-DFOB 

showed a similar affinity for montmorillonite as DFOB. However, the sorption data were best fit 

with a Langmuir isotherm, indicating that a sorption capacity was reached. Linear combination 

fitting of the EXAFS spectra showed no dissociation of the complex upon adsorption to the clay, 

and XRD data showed an increase in d(001) of 0.62 Å (Table 8). This increase is consistent with 

the size of the Ga(III)-DFOB complex in the horizontal orientation (Kruft et al. 2013), suggesting 

that the Fe(III)-DFOB complex is intercalating into the montmorillonite interlayers as well. The 

montmorillonite Fe(III)-PDMA isotherm was also linear, however amounts of sorption were lower 
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compared to Fe(III)-DFOB (Smax = 1.6 μm/m2 and 6 μm/m2, respectively). The EXAFS LCF data 

for the Ga(III)-PDMA complex showed 30% dissociation of the complex, indicating that most of 

the complex stayed intact. When paired with an increase in basal spacing by 0.11 Å (Table 8), this 

suggests that Fe(III)-PDMA is also intercalating into the montmorillonite, with a lesser component 

of dissociation from the complex, instead interacting directly with the surface. It is worth noting 

that PDMA also forms positive complexes with trivalent metals (M(III)H3PDMA2+) (Suzuki et al. 

2021). 

Fe(III)-protochelin onto montmorillonite had similar results as apo-protochelin, where the 

suspension turned a blue-green color. The metal-protochelin complexes are significantly larger 

and more hydrophobic than corresponding metal-DFOB and metal-PDMA complexes, making 

them sterically less favorable to intercalate into the clay. Additionally, Ga(III)-protochelin and 

Fe(III)-protochelin complexes are negative (Ga(III)Proto3-) at circumneutral pH, which would be 

repelled from the negative layer charges of montmorillonite. Fits of EXAFS data indicated Ga(III)-

protochelin was the only siderophore complex where the majority of the complex dissociated 

(67%) when interacting with montmorillonite, and the basal spacing decreased (-0.43 Å) (Table 

8). The decrease in d-spacing was not as great as that of free Ga(III), possibly indicating 

intercalation of both Ga(III) dissociated from complexes and degradation products.  

4.2.2 Kaolinite. In contrast to the 2:1 clay montmorillonite, the 1:1 clay kaolinite does not typically 

intercalate cations (Maurice, Haack, and Mishra 2009). For surface area normalized isotherms, 

DFOB showed the greatest adsorption affinity for kaolinite, followed by protochelin. For 1:1 clays 

like kaolinite, siderophores can bind the Si–O–Si sites on the basal plane surfaces (Maurice, Haack, 

and Mishra 2009), which are available to organics. Adsorption of DFOB to kaolinite has been 

shown to be consistent with cation-like behavior, suggesting that the adsorption of DFOB to 
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kaolinite is partially electrostatically driven (Maurice, Haack, and Mishra 2009). Fe(III)-DFOB 

and Fe(III)-PDMA both showed no affinity for kaolinite, and the EXAFS data were best fit 100% 

Ga(III) sorbed to the kaolinite surface, suggesting that Ga associated with the mineral surface had 

dissociated from the mineral, and that siderophores from complexes likely interact similarly to 

those introduced as apo-siderophores. 

4.2.3. Ferrihydrite and goethite. Sorption of DFOB and protochelin to goethite were best fit 

Freundlich and Langmuir isotherms, respectively. Previous studies (Kraemer et al. 1999) showed 

similar amounts of sorption for DFOB to goethite, as well as similar sorption behaviors. 

Additionally, DFOB caused Fe dissolution (SI Figure 4), which has been previously observed 

(Cocozza et al. 2002; Holmén and Casey 1996; Kraemer 2004). In contrast, apo-PDMA did not 

appreciably sorb to goethite. Previous studies (Reichard 2005) found adsorption of DMA 

(structurally identical to PDMA except for a 4 membered azetidine ring) on the scale of nmol/m2 

accompanied by the dissolution of Fe into solution. For metal-siderophore complexes, Fe(III)-

DFOB and Fe(III)-PDMA sorption to goethite resulted in Langmuir isotherms with no additional 

Fe dissolution into solution. Fe(III)-protochelin was best fit with a linear isotherm, along with low 

amounts of Fe dissolution, indicating that some metal exchange (and possible degradation) was 

occurring.  

The LCF results for EXAFS spectra of the Ga(III)-siderophore complexes sorbed to 

goethite were best fit with similar percentages (~33%) of intact complexes. This ratio suggests two 

possibilities. The first is that two separate populations of Ga(III) exist at the surface — 

approximately 1/3 as an intact complex, and 2/3 with direct sorption of Ga(III) to the surface from 

complex dissociation. It is unlikely that Ga(III)-DFOB, Ga(III)-PDMA, and Ga(III)- protochelin 

are forming outer sphere complexes onto goethite due to electrostatic repulsions between 
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positively charged complexes and the surface (Simanova, Loring, and Persson 2011; Borer et al. 

2009).The second possibility is that all three siderophore complexes are forming some type of 

ternary complexes to the surface of goethite. It this case, it is plausible that Ga(III) may be directly 

sorbing to the surface with a hydroxamate group binding to the opposing side (type A complex). 

This type of complex is potentially consistent with fit results, since ~1/3 of potential coordination 

sites would contain a hydroxamate moiety. This is consistent with previous work that suggest a 

Type A ternary complex for Fe(III)-DFOB on goethite (Simanova, Loring, and Persson 2011). 

Additional spectroscopic approaches may help to test this sorption model, although we note that 

previous research proposed binding of two hydroxamates to distinct sites on the goethite surface, 

potentially complicating interpretations (Borer et al. 2009).  

Once surface area normalized, all three siderophores showed low affinities for ferrihydrite. 

Ga(III)-DFOB and Ga(III)-PDMA both showed 100% separation of the complex upon sorption. 

The surface of ferrihydrite contains more reactive oxygens than that of goethite (Cudennec and 

Lecerf 2006). In contrast, Ga(III)-protochelin remained an intact complex upon sorption to 

ferrihydrite. Ga(III)-protochelin also showed significantly less Fe dissolution from the ferrihydrite 

than the Ga(III)-DFOB and Ga(III)-PDMA (SI Table 2), further supporting their dissociative 

behavior being distinct from Ga(III)-protochelin. The Ga(III)-protochelin complex behaves 

differently than the Ga(III)-DFOB/PDMA complexes on the surface of ferrihydrite due to its 

negative charge (Ga(III)Proto3- vs Ga(III)HDFOB+ and Ga(III)H3PDMA2+) and its highly 

hydrophobic backbone. Previous workers have noted the formation of other stable, negatively 

charged organic complexes, such as Me(C2O4)3
3-, on the surface of Fe(III) (oxy)hydroxides 

(Simanova, Loring, and Persson 2011). At the water goethite interface, C2O4 formed 

electrostatically attracted outer sphere surface species, hydrogen bonded outer sphere species, and 
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two inner sphere oxalate complexes. Co(III)(C2O4)3
3- complex was found to adsorb to the water 

goethite interface outer spherically. Fe(III)(C2O4)3
3- were found to initially adsorb outer sphere but 

decomposed to the same surface species as the oxalate system over time. Ga(III)(C2O4)3
3- 

complexes were found to coordinate inner spherically through a type A ternary complex to the 

goethite surface (Simanova, Persson, and Loring 2010). Based on this previous research, it is likely 

that the Ga(III)-Protochelin3- is adsorbing outer spherically to the ferrihydrite water interface and 

remaining an intact complex. The difference in behavior of the metal siderophore complexes on 

the iron minerals can be attributed to the high surface area of ferrihydrite, as well as the point of 

zero charge (PZC) of ferrihydrite (7.8-8.5 (Whitaker and Duckworth 2018) vs. 9.3 (Simanova, 

Loring, and Persson 2011), respectively), causing the surface of ferrihydrite to be less negatively 

charged than that of goethite at experimental pH.  

It is important to note that we are using Ga(III) as a surrogate for Fe(III) to probe reactions 

at surfaces. As a result, reactions with the Ga(III) may be occurring that would not typically happen 

in Fe systems. Especially in Fe rich environments such as experiments with Fe oxides, there is a 

possibility that Ga(III) is being exchanged out of the siderophore complex for Fe(III) (driven by 

small changes in stability constants), impacting results. Additionally, Fe(III) may be reduced, 

which does not occur with Ga(III) (Harrington and Crumbliss 2009). However, the hard base-

bearing moieties in high affinity multidentate siderophores greatly favor binding of Fe(III) and 

alter the electrochemical potential of Fe in complexes such that Fe(III) reduction is 

thermodynamically disfavored. Additionally, it is possible that exchange reactions between Fe on 

surfaces are common, and cryptic cycling of Fe minerals has been shown to control key aspects of 

Fe biogeochemistry (Kappler and Bryce 2017). It is also worth noting that Mn has been shown to 

interfere with siderophore mediated Fe transport (Kang and Peña 2023; Duckworth, Bargar, and 



   

70 

 

Sposito 2009a) , and thus the reactivity of Ga(III)-siderophore complexes may help to elucidate 

these processes.  

4.2.4. δ-MnO2. DFOB, PDMA, protochelin, Fe(III)-DFOB, Fe(III)-PDMA, and Fe(III)-

protochelin all showed linear isotherms when reacted with δ-MnO2. All Ga(III)-siderophore 

complexes were best fit with 100% the Ga(III)- δ-MnO2, suggesting that Ga quantitatively 

dissociates from the complex when reacting with the surface of δ-MnO2. (Duckworth, Bargar, and 

Sposito 2008) saw the sorption of Fe to Mn oxide surfaces resulting from the dissociation of 

Fe(III)HDFOB+ complexes, consistent with our observations of Ga(III)-siderophore complexes 

behavior. δ-MnO2 is a strong oxidant with large redox potential (Bricker 1965), and readily 

undergoes redox reactions with a range of organic molecules (Remucal and Ginder-Vogel 2014), 

including siderophores (Duckworth and Sposito 2007). Additionally, δ-MnO2 has structural 

octahedral cationic vacancies in phyllomanganate layers, and these sites and the edges of layers 

are strong sorption sites for metal cations (Appelo and Postma 1999; Manceau, Lanson, and Drits 

2002; Tebo et al. 2004; Wang et al. 2018).  

The dissolution of Mn from the δ-MnO2 suggests reductive dissolution is occurring, and 

that both the apo and Fe(III)-siderophore are being degraded. (Duckworth and Sposito 2005) 

previously observed the reductive dissolution of manganite upon reaction with DFOB, resulting in 

the oxidization/degradation of the siderophore, and protochelin has been shown to degrade via 

oxidation of the catechol groups (Harrington, Parker, et al. 2012; French et al. 2024). All apo and 

Fe(III)-siderophore complex pairs (e.g., apo-DFOB/Fe(III)-DFOB) had similar amounts of total 

siderophore lost (𝑐𝑠𝑜𝑟𝑏𝑒𝑑 + 𝑐𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑) with the δ-MnO2, accompanied by Mn dissolution. 

Dissolved Mn in the PDMA sample also is likely an indicator of oxidation of the carboxyl groups 

of the siderophore, however there is little literature on the degradation products of mugineic acid 
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type siderophores. The similar amounts of dissolution in apo and complexed siderophores suggest 

that complexation does not protect siderophores from degradation via redox active mineral 

surfaces. Because we did not quantify degradation productions or total siderophore remaining at 

the end of experiments, it is important to note that in the case of all siderophore δ-MnO2 isotherms, 

the isotherm is representative of degradation in addition to possible sorption.  

5. Conclusions 

Adsorption onto the soil solid phase is thought to account for a significant portion of 

siderophore loss from the rhizosphere (Reichman and Parker 2005) and the total concentrations of 

siderophores in soils (Ahmed and Holmström 2014; Rai et al. 2020). Similarly, sorbed Fe(III)-

siderophore complexes sorbed to surfaces may be an important labile form of iron for soil 

organisms (Harrington, Duckworth, and Haselwandter 2015). It is consequently important to gain 

detailed structural information on the surface complexation structures of both apo-siderophores 

and metal-siderophore complexes mineral surfaces to understand their role in iron mobilization. 

This study shows that clays may be a sink for siderophores in soils, either intercalating them as for 

DFOB, or degrading them as for protochelin. Reactive manganese minerals may also act as a sink, 

degrading siderophores and their complexes. The synthetic siderophore PDMA contains an L-

proline ring to replace the unstable azetidine-2-carboxylic acid group found in natural 

phytosiderophores. PDMA did not adsorb to soil minerals, consistent with its development as 

potential as an Fe fertilizer (Suzuki et al. 2021). However, complexed PDMA sorbed to mineral 

surfaces, likely due to changes in electrostatics and orientation of the carbon backbone away from 

the binding sites. Additionally, it has previously been shown to be resilient against enzymatic 

degradation (Chukwuma, Duckworth, and Baars 2025). Protochelin was found to have unique 

behavior from DFOB and PDMA with montmorillonite and ferrihydrite largely resulting from its 



   

72 

 

hydrophilic backbone, redox reactivity of its binding moieties, and negative charge as complex. 

Overall, this study demonstrates the effects of siderophore structural diversity on siderophore-soil 

mineral interactions. The hydrophobicity, charge, and size of siderophores and their complexes 

drive changes in reactivity with charged mineral surfaces and interlayers, which has direct 

implications for the availability of Fe and other nutrients to microbes and plants.   

The use of Ga(III) in siderophore complexes is allowing us to begin to gain understanding 

of what siderophore structure and sorption behaviors look like on mineral surfaces and may help 

to inform future studies in more complex systems. Further studies are required to better establish 

how structurally distinct siderophores interact in various whole soil environments to help develop 

sustainable methods of biofortifying crops to combat nutrient deficiencies.  
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Figure 3.1. Structures of the siderophores proline-2’-deoxymugineic acid (PMDA), 

desferrioxamine-B (DFOB), and protochelin. 
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Figure 3.2. apo-DFOB isotherms (surface area normalized) onto δ-MnO2 (triangles), goethite 

(asterisk), ferrihydrite (x’s), montmorillonite (circles), and kaolinite (diamonds). Data sets were 

modeled with Freundlich sorption model (dashed line), with fit parameters shown in Table 1. Initial 

experimental conditions: 2 g L
-1

 sorbent, DFOB=0-500μM, pH=6. 
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Figure 3.3. Fe(III)-DFOB (open and Ga(III)apo-DFOB isotherms (surface area normalized) onto 

δ-MnO2 (triangles), ferrihydrite (x’s), montmorillonite (circles). Data sets were modeled with 

Langmuir sorption model (dashed line), with fit parameters shown in Table 2. Initial experimental 

conditions: 2 g L
-1

 sorbent, DFOB=0-500μM, pH=6.  
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Figure 3.4. Fe(III)-PDMA isotherms (surface area normalized) onto δ-MnO2 (triangles), goethite 

(asterisk), ferrihydrite (x’s), and montmorillonite (circles). Data sets were modeled with 

Freundlich sorption model (dashed line), with fit parameters shown in Table 3. Initial experimental 

conditions: 2 g L
-1

 sorbent, Fe(III)-PDMA=0-500μM, pH=6. 
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Figure 3.5. apo- PDMA isotherms (surface area normalized) onto δ-MnO2 (triangles). Data sets 

were modeled with Freundlich sorption model (dashed line), with fit parameters shown in Table 4. 

Initial experimental conditions: 2 g L
-1

 sorbent, PDMA=0-500μM, pH=6. 
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Figure 3.6. Protochelin isotherms (surface area normalized) onto δ-MnO2 (triangles), goethite 

(asterisk), ferrihydrite (x’s), and montmorillonite (circles). Data sets were modeled with 

Freundlich sorption model (dashed line), with fit parameters shown in Table 5. Initial experimental 

conditions: 2 g L
-1

 sorbent, Protochelin=0-500μM, pH=6. 
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Figure 3.7. Fe(III)-protochelin isotherms (surface area normalized) onto δ-MnO2 (triangles), 

goethite (asterisk), and montmorillonite (circles). Data sets were modeled with Freundlich sorption 

model (dashed line), with fit parameters shown in Table 6. Initial experimental conditions: 2 g L
-1

 

sorbent, Fe(III)- protochelin=0-500μM, pH=6. 
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Figure 3.8. Chi EXAFS spectra for Ga(III)-DFOB onto  ferrihydrite, MnO
2
, kaolinite, goethite, 

montmorillonite, and aqueous Ga(III)-DFOB (1mm). Dashed lines represent fits. 
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Figure 3.9. Chi EXAFS spectra for Ga(III)-PDMA onto  ferrihydrite, MnO
2
, kaolinite, goethite, 

montmorillonite, and aqueous Ga(III)-PDMA (1mm). Dashed lines represent fits. 
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Figure 3.10. Chi EXAFS spectra for Ga(III)-protochelin onto  ferrihydrite, MnO
2
, kaolinite, 

goethite, montmorillonite, and aqueous Ga(III)-Protochelin (1mm). Dashed lines represent fits. 
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Table 3.1. Fitting parameters used to model DFOB sorption to montmorillonite, kaolinite, 

ferrihydrite, goethite, MnO2. Kf = Freundlich sorption constant (μmol/m2); n = exponential 

constant; E = model efficiency. Uncertainty is reported as standard error.  

Apo-DFOB sorption to minerals (Freundlich Model) 

Adsorbent Kf (μmol/m2) n E 

ferrihydrite 0.010 ± 0.004 0.75 ± 

0.10 

0.918 

goethite 0.02 ± 0.03 1.0 ± 0.1 0.956 

montmorillonite 0.311 ± 0.006 0.64 ± 

0.05 

0.984 

kaolinite 0.16 ± 0.10 0.66 ± 

0.01 

0.848 

δ-MnO2 0.034 ± 0.005 0.74 ± 

0.04 

0.990 
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Table 3.2. Fitting parameters used to model Fe(III)-DFOB and Ga(III)-DFOB sorption to 

montmorillonite, goethite, and MnO2. Smax = sorption maximum K = Langmuir binding coefficient; 

E = model efficiency. Uncertainty is reported as standard error.  

Metal-DFOB sorption to minerals (Langmuir Model) 

Ion in 

complex 

Adsorbent Smax (μmol/m2) K E 

Fe(III) montmorillonite 8.4 ± 1.0 0.031 ± 0.008 0.962 

Ga(III) montmorillonite 8.0 ± 0.8 0.038 ± 0.009 0.966 

Fe(III) δ-MnO2 0.40 ± 0.05 0.23 ± 0.10 0.742 

Ga(III) δ-MnO2 0.50 ± 0.02 0.022 ± 0.002 0.996 

Fe(III) goethite 0.80 ± 0.08 0.0020 ± 

0.0003 

0.995 

Ga(III) goethite 0.76 ± 0.09 0.003 ± 0.001 0.993 
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Table 3.3. Fitting parameters used to model Fe(III)-PDMA sorption to montmorillonite, 

ferrihydrite, goethite, δ-MnO2. Kf = Freundlich sorption constant (μmol/m2); n=exponential 

constant; E = model efficiency. Uncertainty is reported as standard error.  

Fe(III)-PDMA sorption to minerals (Freundlich Model) 

Adsorbent Kf (μmol/m2) n E 

goethite 0.020 ± 0.004 0.42 ± 0.05 0.964 

montmorillonite 0.004 ± 0.003 1.0 ± 0.2 0.912 

δ-MnO2 0.0026 ± 0.0003 1.00 ± 0.04 0.901 

ferrihydrite 0.010 ± 0.002 0.22 ± 0.04 0.936 
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Table 3.4. Freundlich parameters used to model PDMA sorption to MnO2. Kf = Freundlich sorption 

constant (μmol/m2); n = exponential constant; E = model efficiency. Uncertainty is reported as 

standard error.  

Apo-PDMA sorption to minerals (Freundlich Model) 

Adsorbent Kf (μmol/m2) n E 

δ-MnO2 0.0052 ± 0.0003 0.001 ± 0.03 0.965 
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Table 3.5. Fitting parameters used to model protochelin sorption to montmorillonite, goethite, 

ferrihydrite, and δ-MnO2. Kf = Freundlich sorption constant (μmol/m2); n = exponential constant; 

E = model efficiency. Uncertainty is reported as standard error.  

Apo-protochelin sorption to minerals (Freundlich 

Model) 

Adsorbent Kf(μmol/m2) n E 

montmorillonite 0.02 ± 0.01 1.1 ± 0.1 0.955 

δ-MnO2 0.021 ± 

0.003 

0.43 ± 

0.04 

0.970 

goethite 0.26 ± 0.04 0.38 ± 

0.03 

0.976 

ferrihydrite 0.013 ± 

0.002 

0.43 ± 

0.04 

0.966 

kaolinite 0.023 ± 

0.004 

0.46 ± 

0.02 

0.971 
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Table 3.6. Fitting parameters used to model Fe(III)-protochelin sorption to montmorillonite, 

goethite, and δ-MnO2. Kf = Freundlich sorption constant (μmol/m2); n = exponential constant; E= 

model efficiency. Uncertainty is reported as standard error.  

Fe(III)-protochelin sorption to minerals (Freundlich 

Model) 

Adsorbent Kf 

(μmol/m2) 

n E 

montmorillonite 0.10 ± 0.05 0.5 ± 0.1 0.862 

δ-MnO2 0.024 ± 

0.005 

0.52 ± 

0.04 

0.981 

goethite 0.015 ± 

0.003 

1.11 ± 

0.09 

0.980 
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Table 3.7. EXAFS structure fitting results. Numbers represent the normalized best fit by the 

aqueous complex, with remainder of the fit from Ga(III)-mineral spectra. Fits were normalized to 

100% but were 0.88 ± 0.11. Ferrihydrite, δ-MnO2, kaolinite, and montmorillonite complexes were 

fit from k = 3–13 Å-1, whereas goethite complexes were fit from k = 3–10 Å-1.  

Sorbent 

Ga(III)-DFOB 

(%) 

Ga(III)-PDMA 

(%) 

Ga(III)-

Protochelin(%) 

ferrihydrite 0 0 100 

δ-MnO2 0 0 0 

kaolinite 0 0 28 

montmorillonite 100 70 33 

goethite 36 35 38 
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Table 3.8. d(001) distances calculated from XRD for montmorillonite after sorption of 

siderophores, Ga(III)-siderophores, or Ga(III). Δd(001) refers to the change in basal spacing of the 

montmorillonite with adsorbed species compared to air dried montmorillonite. Positive Δd(001) 

represents an increase in basal spacing, and negative Δd(001) represents a decrease in basal spacing.  

Adsorbate d(001) (Å) Δd(001) (Å) 

None 6.28 - 

Ga(III) 5.22 -1.04 

DFOB 6.78 0.52 

PDMA 5.12 -1.14 

Protochelin 5.66 -0.60 

Ga(III)-DFOB 6.88 0.62 

Ga(III)-PDMA 6.37 0.11 

Ga(III)-

protochelin 5.83 

0.43 
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CHAPTER 4: Elucidating the Fate of Siderophores in Soil Systems through μ-XRF and μ-

EXAFS 

1. Introduction 

Iron (Fe) is typically held in insoluble (oxyhydr)oxide mineral phases that are not readily 

available for biological uptake at circumneutral pH in soils. However, Fe is an essential element 

for all organisms that is widely used in electron transport and metabolic processes. In response to 

biological unavailability of Fe, microorganisms, fungi, and gramineous plants have evolved 

various strategies to promote its uptake from soil environments. One strategy involves the 

production of siderophores, low molecular weight compounds possessing high affinity and 

selectivity for Fe(III) (Schwyn and Neilands 1987). Siderophores are structurally diverse, with 

over 500 different structures containing combinations of chelating moieties including 

hydroxamate, carboxylate, α-hydroxycarboxylate and catecholate groups, each with unique 

chemical properties that behave differently in soil environments (Hider and Kong 2010).  

For siderophore mediated uptake to occur, Fe must be solubilized from a bio-unavailable 

source and then a Fe-siderophore complex must travel back to the organism. Because of the 

complicated and dynamic nature of soil systems, a myriad of reactive agents, including mineral 

surfaces and organic matter, can disrupt this process. Currently, the complex roles siderophores 

play in the soil ecosystem, and the factors affecting their efficiency are not yet well understood. 

Abundant natural soil Fe convolutes efforts to study the fate of Fe-siderophore complexes in soil 

systems, leaving significant questions regarding where and when siderophore production becomes 

critical to organism nutrition, microbial competition, or soil biogeochemical processes unresolved.  

Studies of siderophores in soils have traditionally relied on extraction followed by mass 

spectrometry or assay quantification (Rai et al. 2020; Powell et al. 1980). Ahmed and Holmström 

2014 studied the distribution of hydroxamate siderophores in a podzol soil, as well as the 



   

96 

 

concentration of siderophores on buried polished mineral surfaces (Ahmed and Holmström 2014). 

The concentration of hydroxamates adsorbed to mineral surfaces was determined to be higher than 

that in the bulk soil. However, success with siderophore extraction has mostly been limited to 

hydroxamate type siderophores (Rai et al. 2020). Schenkeveld et. al. 2014 studied metal 

mobilization by phytosiderophores in individual soils experimentally and via multi surface models 

but did not consider complex adsorption in models (Schenkeveld et al. 2014). Recently, (Evers in 

prep) studied reactions between both apo siderophores and Fe(III)- siderophores complexes and 

antagonistic soil minerals. To study the fate of siderophore complexes, Ga(III), which is close to 

Fe(III) in size and electron configuration (Green and Welch 1989) and forms siderophore 

complexes with similar binding affinity and local structure (Evers et al. 1989; Nicolafrancesco et 

al. 2019; Duckworth, Bargar, and Sposito 2009), was used as a proxy for Fe in X-ray absorption 

spectroscopy (XAS) experiments. Results showed marked differences in the reactivity of 

siderophores with different structures with differing soils minerals, suggesting the possibly of 

applying analogous approaches in soil systems.  

To better understand the fate of siderophore complexes in soils, micro-X-ray fluorescence 

(μ-XRF) mapping paired with micro-extended X-ray absorption fine structure (μ-EXAFS) 

spectroscopy was utilized to probe the fate of Ga(III) complexes with the trishydroxamate 

siderophore desferrioxamine B (DFOB), the triscatecholamide siderophore protochelin, and the 

carboxylate mugineic acid derivative phytosiderophore proline-2’-deoxymugeneic acid (PDMA) 

in soils with differing edaphic properties. Synchrotron-based μ-XRF allowed for in situ mapping 

and determination of chemical associations of elements in soils at the micron scale with high 

sensitivity (Majumdar et al. 2012). When paired with structural data from μ-EXAFS, the 

coordination environment of Ga(III) from siderophores and fate of Ga(III)-siderophore complexes 
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soil environments was observed. The results of this study provides unique insights into how 

structurally distinct siderophores behave in diverse soil environments, with the potential to guide 

future best management practices to develop sustainable methods of biofortifying our crops to 

combat nutrient deficiencies.  

2. Methods 

2.1. Materials. All solutions were prepared using ASTM Type 1 (>18.2 MΩ∙cm) deionized water 

(DI). Unless otherwise noted, all chemicals used were of reagent grade from Fisher Scientific 

(Hampton, NH) or Sigma-Aldrich (St. Louis, MO). The three siderophores examined in this study 

were chosen for their structural diversity. The mesylate salt of the trishydroxamate siderophore 

DFOB was purchased from Sigma Aldrich (>92.5%) and used without any further purification. 

Protochelin (a triscatecholamide siderophore) were synthesized by the Duke University Small 

Molecules Custom Synthesis Facility (Harrington et al. 2012). Proline-2′-deoxymugineic acid 

PDMA was provided as PDMA∙2HCl by Aichi Steel Corporation (Japan) (Suzuki et al. 2021). 

2.3. Soils. Soils chosen for this study include a Cassville clay, Gruver series, and a Belhaven muck. 

All soils were air dried and passed through a 2 mm sieve. The Cassville series was sourced from 

Cassville County, NC and classified as a sandy clay loam (51.5% sand, 17.6% silt, 30.9% clay) 

with a pH of 6.5 ± 0.2. The Gruver series was sourced from Goodwell, Oklahoma, and is a no-till 

agricultural soil (irrigated corn into alfalfa) with a pH of 8.0 ± 0.4. The Belhaven series was 

sourced from a field in Plymouth, NC and is a poorly drained organic soil with a pH of 6.3 ± 0.3. 

Total Fe and Mn concentrations in the soils was determined via XRF (Niton 5XL+) in soils mode. 

The Cassville soil was selected as a high activity clay soil, the Belhaven muck as an organic soil, 

and the Gruver as an alkaline soil to cover a range of soil environments.  
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2.3. Ga(III)-siderophore complex reacted with soil. Aqueous Ga(III)-DFOB, Ga(III)-PDMA, and 

Ga(III)-protochelin complexes were adsorbed to the three soils previously mentioned. Aqueous 

(1mM, pH 6) solutions of Ga(III)-siderophore were reacted with the soil with a solid loading 2 

g/L. Solutions were allowed to equilibrate for 24 h in the dark while mounted on a rotary wheel at 

20 RPM. The supernatant was collected, passed through a 0.2 µm filter, and analyzed for aqueous 

Ga concentration via inductive coupled plasma-optical emission spectrometry (ICP-OES; Perkin 

Elmer Optima 800). Solids were collected, air dried, and stored in a freezer for analysis via bulk 

EXAFS as well as spatially resolved μ-XRF and μ-EXAFS.  

2.4. Ga K-edge extended X-ray absorption fine structure spectroscopy. Bulk Ga K-edge XAS 

spectra were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) under normal 

operating conditions on beamline 11−2 on samples consisting of Ga(III)-siderophore adsorbed to 

soils. Spectra were energy calibrated by adjusting the E0 to an elemental Ga sample. Spectra were 

collected in fluorescence mode using a 100-element Ge detector or in transmission mode. The 

energy was selected by using a variable-exit Si(220) double-crystal monochromator and harmonics 

were rejected with a rhodium-coated mirror. Spectra were collected using Soller slits and a Zn X-

ray filter improved the signal-to-noise ratio. Three spectra were collected for each sample, with no 

evidence of beam damage in successive scans, and averaged to improve the signal-to-noise ratio. 

For 2 samples, transmission data was used due to poor fluorescence data quality.  

Ga K-edge spectra were energy calibrated, averaged, background-subtracted, splined, and linear 

combination fit (LCF) (Kelly, Hesterberg, and Ravel 2008) using the SIXPACK (Webb 2005) 

interface which makes use of the IFEFFIT code (Newville 2001). LCF analyses were conducted 

with previously published Ga(III)-siderophore mineral standards (Evers in prep) which are 

summarized in the SI. All spectral components used in fits were extensively characterized in Evers 
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et al. Because Ga(III)-DFOB and Ga(III)-PDMA were found to intercalate predominantly as intact 

complexes in montmorillonite, free Ga(III)-DFOB and Ga(III)-PDMA can be interpreted not 

mineral associated, outersphere complexes, or intercalated species. The presence of standards 

having Ga(III) sorbed to minerals in the absence siderophore in the fits of spectra from Ga(III)-

siderophore complex sorption were interpreted as dissociation of the complex followed by sorption 

of Ga(III) to the surface, or as the formation of ternary surface complexes. Components found to 

make up less than 5% of the spectral reconstruction were removed, and fits were recalculated with 

the remaining standards.  

To prepare mineral standards, Ga(III) (1mM) was exposed to mineral surfaces at pH 6 and 

a suspension loading of 2 g/L. After an equilibration period of either 24 hours or 2 hours 

(depending on mineral dissolution rates), the suspension was passed through 0.2 µm filter and the 

filtrate was analyzed for Ga concentration via inductive coupled plasma-optical emission 

spectrometry (ICP-OES; Perkin Elmer Optima 800). Solids were collected and air dried for XAS 

measurement, and Ga K-edge XAS spectra were collected at beamline 11-2 as described above.  

2.5. µ-X-ray fluorescence spectroscopy. µ-XRF and µ-EXAFS spectroscopy were conducted at 

the Stanford Synchrotron Radiation Lightsource (SSRL) at Beamline 2-3. A thin layer of Ga(III)-

siderophore soil was placed into a silicon mold, and a two-part epoxy resin (Epotek 301) was 

poured over the material and allowed to cure for 24 hours. Once dry, the epoxy block was glued 

to a quartz microscope slide (Chemglass) with the soil side down. These samples were thin-

sectioned by grinding to ca. 200-300 nm in thickness (Buehler PetroThin). At beamline 2-3, 

incident beam energy was set to 11000 eV using a Si(111) monochromator and fluorescence data 

was collected for Ga using a CCD detector. Discrete areas were scanned in fluorescence mode 

using a vortex detector; scans were collected with a step size of 7 µm and a 15 ms dwell time. The 
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µ-XRF spatial maps were then used to identify points of high Ga concentration (hot spots) where 

µ-EXAFS spectra for Ga were collected using a Vortex silicon drift detector and a 5 μm beam size. 

µ-XRF maps were analyzed using SMAK (Webb 2011), and µ-EXAFS scans were analyzed in 

SIXPACK as described earlier. SMAK software was used to determine areas of high Ga 

concentration, as well as the spatial correlations between Ga and other elements. LCF fitting in 

SIXPACK was used to determine in what form the Ga was predominant in the hotspots.  

 

3. Results  

A summary of total Fe and Mn concentrations in the soils can be found in Supplementary 

Table 1. The Cassville clay soil contained the highest Fe content with 1,168.9 mmol Fe/kg. The 

Gruver contained the second highest Fe with 345.2 mmol/kg, and the Belhaven contained the 

lowest with 114.9 mmol Fe/kg. Altough the Belhaven soil contained the least total Fe, it had the 

greatest Fe dissolution (Table 1). The Cassville and Gruver had similair total Mn contents (8.1 and 

7.8 mmol/kg, respectively), whereas the Belhaven contained low total Mn (0.38 mmol/kg).  

Table 1 shows the amount of Ga sorbed (as determined by Ga lost from solution after 

experiments) onto each soil when Ga(III)-DFOB, Ga(III)-PDMA, and Ga(III)-protochelin 

complexes were allowed to react with Cassville clay, Belhaven muck, and Gruver soil. The greatest 

Ga(III) sorption to the Cassville clay occurred in Ga(III)-protochelin experiments, whereas 

Ga(III)-PDMA had the greatest sorption onto the Belhaven muck and Gruver soil. Ga(III)-

Protochelin caused the most Fe and Mn dissolution from the Cassville, the Belhaven, and the 

Gruver soil. 

Figure 1 shows Ga μ-XRF maps for Ga(III)-siderophore complexes adsorbed to Cassville 

clay soil (top row), Belhaven Muck (middle row) and Gruver soil (bottom row). Small areas on 
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the μ-XRF maps with the highest Ga signal were designated as Ga hotspots. For each Ga(III)-

siderophore soil sample, μ-EXAFS spectra were collected from hotspots identified on μ-XRF maps 

using a 5 μm beam size. Bulk EXAFS data was also collected to give a broader understanding of 

the fate of Ga(III)-siderophore complexes in the whole sample. Spectra (k-space plots) and LCF 

fits and of both hotspot and bulk EXAFS can be found in Figure 2, 3, and 4, for the Cassville, 

Belhaven, and Gruver, respectively.  

The top row of the figure shows interactions of siderophores with the Cassville soil. From 

the μ-XRF map (Figure 1), the Ga distribution for Ga(III)-DFOB adsorbing onto the Cassville clay 

was concentrated in three places, with one larger, irregularly shaped hotspot (200 μm), and two 

smaller hotspots (25 μm). The Ga(III)-PDMA distributed more evenly across the soil, with two 

small hotspots (20 and 30 μm). The Ga(III)-protochelin map shows Ga(III)associating with 

triangular soil particles evenly distributed across the map (300 μm). Sorption visually appeaers 

different across this soil for the three different siderophores, and this is reflected in the μ-EXAFS 

results (Table 2, 3, and 4), where fit components vary among the siderophores.  

For the Belhaven muck (middle row), Ga(III)-DFOB, Ga(III)-PDMA, and Ga(III)-

protochelin visually sorbed similarily, with Ga accumulating on a few small particles. Ga(III)-

DFOB and Ga(III)-PDMA had small round hotspots (80 μm), with the Ga(III)-protochelin had a 

slightly larger elongated hotspot (120 μm). In contrast, for the Gruver series soils (bottom row) 

Ga(III)-DFOB sorbed more uniformly, with only one small round hotspot near the top of the map 

(30 μm). The Ga(III)-PDMA μ-XRF map shows Ga mostly accumulating on one specific 

elongated particle on the edge of the map (270 μm), with low Ga concentrations in the rest of the 

map. Ga(III)-protochelin also adsorbed onto elongated particles on the Gruver series (100 μm), 

with low concentrations in the rest of the sample. Additionally, the Gruver soil contained the 
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highest quantity and most concentrated areas of high Fe (20 μm) evenly distributed across the map 

(SI Figure 1). 

Table 2 show the LCF fitting results for spectra of Ga(III)-DFOB, Ga(III)-PDMA, and 

Ga(III)-protochelin adsorbed to the Cassville clay soil. In the Ga(III)-DFOB sample, the spectra 

from the Ga hotspot in the map were best fit by 28% Ga(III)-DFOB complex, 40% Ga(III) sorbed 

to δ-MnO2, and 25% Ga(III) sorbed to ferrihydrite. The R2 value (p<0.05) of Ga correlated with 

Fe and Mn was 0.57 and 0.41, respectively over the entire map (SI table 2). When isolating the 

hotspot, significant (p<0.05) correlation coefficients of R2 = 0.63 for Ga-Fe and R2 = 0.42 for Ga-

Mn were observed (SI Table 3). The bulk EXAFS spectra for Ga(III)-DFOB reacted with the 

Cassville soils were best fit by 11% Ga(III)-DFOB complex, 38% Ga(III) sorbed to ferrihydrite, 

27% Ga(III) sorbed to Pahokee peat, and 23% Ga(III) sorbed to kaolinite. The hotspot contained 

a higher percentage of retained Ga(III)-DFOB than the bulk, whereas the bulk contained a higher 

percentage fit of Ga(III)-ferrihydrite.  

Two sets of EXAFS hotspot data were collected for Ga(III)-PDMA adsorbed to the 

Cassville clay. The first hotspot spectrum was best fit with 49% Ga(III)-PDMA, 9.4% Ga(III) 

sorbed onto ferrihydrite, and 41.5% Ga(III) sorbed to montmorillonite. The second hotspot 

spectrum fit was composed of 67% Ga(III)-PDMA, 15.7% Ga(III) sorbed to ferrihydrite, and 

15.7% Ga(III) sorbed to montmorillonite. The bulk EXAFS was composed of 5.7% Ga(III)-

PDMA, 19.2% Ga(III) sorbed to ferrihydrite, 40.3% Ga(III) sorbed to montmorillonite, 24% 

Ga(III) sorbed to pahokee peat, and 10.6% Ga(III) sorbed to δ-MnO2. Both hotspots consisted of 

the same components, while the bulk data contained additional organic and Mn components. Both 

Fe and Mn showed significant correlations (p<0.05) with Ga in the overall map (R2 of 0.57 and 

0.52, respectively) (SI table 2). In the first hotspot, an R2 of 0.29 was observed for the Ga-Fe 
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correlation, and 0.18 for the second hotspot. The hotspots contained Ga-Mn R2 of 0.41 and 0.006 

respectively. In the hotspots in this sample, all correlations were either not significant (p>0.05) or 

had low Pearson coefficients (defined herein as R2 <0.5).  

Two sets of hotspot data were also collected for Ga(III)-protochelin adsorbed onto the 

Cassville clay. The first hotspot EXAFS spectrum LCF fit was composed of 25.9% Ga(III)-

protochelin, 20.9% Ga(III) sorbed onto ferrihydrite, and 56.7% Ga(III) sorbed onto organic matter. 

The second hotspot spectrum was best fit with 11.5% Ga(III)-Protochelin complex, 62% Ga(III) 

sorbed to ferrihydrite, and 23% Ga(III) sorbed to montmorillonite. The bulk EXAFS spectrum fit 

was composed of 31.9% Ga(III)-protochelin complex, and 68% Ga(III) sorbed to ferrihydrite. The 

first hotspot fit contained a higher retained percentage than the second hotspot, however the most 

Ga(III)-protochelin complex was observed in the fit for the bulk sample. As with the other 

Cassville soil samples, the μ-XRF map showed high Ga-Fe and Ga-Mn correlations with an R2 

value of 0.60 and 0.62 (p <0.05) (SI table 2) for the overall map. The hotspot correlations were 

also statistically significant (p <0.05) for Fe and Mn (Ga-Fe R2 of 0.81 and 0.69, and Ga-Mn R2 

of 0.85 and 0.76).  

The correlations observed for Ga-Fe and Ga-Mn for all siderophores throughout the 

Cassville clay are further illustrated in the gradient plots shown in Supplementary Figure 2. These 

plots depict the spatial distribution of each element, with green hues indicating regions of elevated 

Ga concentration and red hues corresponding to areas enriched in Fe. Overlapping signals of these 

two elements produce orange hues, representing their co-localization. Consistent with the strong 

correlations, all siderophore Cassville plots display widespread orange coloration, indicating 

substantial spatial overlap between Ga and Fe. 
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Table 3 shows the LCF fitting results for spectra of Ga(III)-DFOB, Ga(III)-PDMA, and 

Ga(III)-protochelin adsorbed to the Belhaven muck. The Ga(III)-DFOB hotspot spectrum was best 

fit with 12.2% Ga(III)-DFOB and 88.0% Ga(III) sorbed to ferrihydrite. The bulk EXAFS spectrum 

was best fit with 27.5% Ga(III) sorbed to ferrihydrite, 37.6% Ga(III) sorbed to organic matter, and 

31.8% Ga(III) sorbed to δ-MnO2. The Belhaven muck is an organic soil, and correspondingly, the 

highest fit percentage in the bulk was Ga(III) associated with organic matter. In the Belhaven 

muck, Ga had low correlation coefficients R2 of 0.23 and 0.10 with Fe and Mn, respectively, in 

the overall map (SI Table 2). However, R2 correlations increased but remained low (to 0.35 and 

0.44 for Fe and Mn, respectively) when focusing on hotspots (SI Table 3).  

The spectrum of a Ga(III)-PDMA hotspot in the Belhaven Muck was best fit with 28.8% 

Ga(III) sorbed to kaolinite, 15.5% Ga(III) sorbed to ferrihydrite, 40% Ga(III) sorbed to 

montmorillonite, and 13.3% Ga(III) sorbed to organic matter. A spectrum from the second hotspot 

was best fit with 31% Ga(III) sorbed to ferrihydrite, and 69% Ga(III) sorbed to montmorillonite. 

The bulk EXAFS was best fit with 11% Ga(III) sorbed to kaolinite, 30% Ga(III) sorbed to 

ferrihydrite, 10% Ga(III) sorbed to montmorillonite, 38.5% Ga(III) sorbed to organic matter, and 

8.2% Ga(III) sorbed to δ-MnO2. The bulk EXAFS spectrum fit was the most components out of 

any spectra, and more varied than its accompanying hotspots, being comprised of every 

component. As with the Ga(III)-DFOB, the highest fit percentage was Ga(III) associated with 

organic matter. Fe and Mn correlations with Ga were low and not significant (p>0.05) in overall 

maps (R2 of 0.07 and 0.02), and remained low when focusing on hotspot 1. The only significant 

correlation observed was an R2 of 0.74 (p<0.05) for Ga-Fe in the second hotspot. (SI table 2 and 

3).  
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The spectrum from hotspot for Ga(III)-protochelin adsorbed to the Belhaven muck was 

best fit with 65.6% Ga(III)-protochelin complex, and 33.3% Ga(III) sorbed to ferrihydrite. The 

bulk EXAFS spectra was best fit with 10% Ga(III)-protochelin complex, 18.8% Ga(III) sorbed to 

ferrihydrite, 45% Ga(III) sorbed to organic matter, and 18.8% Ga(III) sorbed to kaolinite. The 

hotspot contained a much higher percentage of whole complex than the bulk spectra. Although the 

bulk contained similar components as the hotspot, almost half the Ga(III) was found to be 

associated with organic matter. Ga was not found to correlate (p>0.05) with Fe or Mn in the overall 

map (SI table 2). However, Ga significantly correlated (p <0.05) with Fe (R2 of 0.52) and Mn (R2 

of 0.51) in the hotspot.  

The gradient plots presented in Supplementary Figure 2 support the low Pearson 

correlation coefficients observed in the Belhaven map. These plots reveal a clear spatial distinction 

between Ga and Fe, with only limited regions exhibiting co-localization of both elements. Overall, 

the distribution of Ga appears relatively uniform, whereas Fe is concentrated in discrete hotspots 

that lack corresponding Ga signals. 

Table 4 shows the results of LCF fitting analysis for Ga(III)-DFOB, Ga(III)-PDMA, and 

Ga(III)-protochelin adsorbed to the Gruver soil. The spectrum of a hotspot for Ga(III)-DFOB was 

best fit with 100% Ga(III) sorbed to ferrihydrite. The bulk EXAFS spectrum was best fit with 13% 

Ga(III)-DFOB complex, and 86% Ga(III) sorbed to ferrihydrite. Ga showed low correlations or 

not significant (p>0.05) with Fe and Mn in the overall map (R2 of 0.18 and 0.08, respectively) but 

was significantly correlated (p<0.05) in the hotspot (R2 of 0.86 and 0.70, respectively).  

The spectrum from hotspot for Ga(III)-PDMA adsorbed into the Gruver series soil was 

best fit with 44% Ga(III) sorbed to kaolinite, and 59% Ga(III) sorbed to ferrihydrite. The bulk 

EXAFS spectrum was best fit with 87% Ga(III) sorbed to ferrihydrite, and 12.9% Ga(III) sorbed 
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to organic matter. As with Ga(III)-DFOB, Ga had a low Pearson coefficient with Fe (R2 of 0.21) 

and not was significantly (p>0.05) correlated with Mn in the overall map (R2 of 0.06) (SI Table 

2). The Ga-Fe correlation increased to R2 = 0.56 in the hotspot but the Ga-Mn Pearson coefficient 

remained low (R2 = 0.26)(SI Table 3).  

For the bulk sample,  the EXAFS spectra was best fit with 100% Ga(III) sorbed to 

ferrihydrite. However, Ga had a low Pearson coefficient with Fe in the overall map (R2 of 0.14) 

(SI Table 3). We were unable to collect hotspot EXFAS spectra for this sample, most likely 

because of low Ga(III)-protochelin sorption onto the Gruver soil (Table 1), 

The low Pearson correlation coefficients observed in the overall map for the Ga(III)-DFOB 

Gruver sample are further illustrated in Supplementary Figure 2. The map predominantly consists 

of regions containing either Ga or Fe individually, with only limited areas exhibiting orange hues, 

indicative of spatial co-localization of both elements. In comparison, the slightly higher Ga-Fe 

Pearson coefficient in the Ga(III)-PDMA Gruver sample is reflected in Supplementary Figure 2 

by the increased presence of orange tones, though distinct regions of green and red remain 

apparent. Similarly, the Ga(III)-protochelin gradient map displays well-defined zones enriched in 

either Ga(III) or Fe(III), interspersed with localized orange regions corresponding to the co-

occurrence of both metals. 

4. Discussion 

 Bulk EXAFS spectra fit for all Ga(III)-siderophore complexes sorbed to soils, except that 

of Ga(III)-protochelin sorbed to Cassville clay, were best fit with a more components than hotspots 

were. The bulk EXAFS spectra may have received signal from a wide variety of sources, whereas 

the hotspots represent a smaller specific and presumably less chemically diverse area in the soil. 

However, if samples contain large quantities of similar hotspots with high amounts of Ga(III) 
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signal, these areas can dominate the bulk EXAFS spectra (e.g., the case with Ga(III)-protochelin 

Cassville clay (Figure 1)).  

4.1 Cassville Clay  

The Cassville clay is a high-activity clay soil, classified as a sandy clay loam containing 

30.9% clay. This soil was selected to represent soils with high clay content, which are expected to 

strongly influence siderophore behavior due to their high sorptive capacity. Clays such as 

montmorillonite, which are common components of high-activity soils, are known to intercalate 

and adsorb a wide range of organic molecules, including siderophores, including DFOB and its 

Fe(III) complex (Haack, Johnston, and Maurice 2008). Studying siderophore interactions in this 

system allows assessment of whether high-activity clays act as strong sinks that limit siderophore 

mobility and bioavailability, thereby affecting Fe cycling and metal acquisition processes in 

natural environments. 

4.1.1. Ga(III)-DFOB. Ga(III)-DFOB exhibited the lowest affinity for the Cassville clay soil, 

accompanied by minimal dissolution of both Fe and Mn. In the hotspot, the Ga(III)-DFOB 

complex constituted one third of the best-fit model, indicating its stability within the system. 

Previous work by Evers et al. demonstrated that Ga(III)-DFOB complexes remain intact upon 

intercalation into 2:1 clay minerals, suggesting the potential for similar intercalation processes 

within the Cassville soil, which contains high-activity clay phases. Spatial correlation analyses 

further revealed that Ga(III) was correlated with Fe and Mn in both whole-soil distributions and 

localized hotspots. These observations are consistent with hotspot fits indicating Ga(III) 

association with ferrihydrite and δ-MnO₂. Collectively, the significant Ga-Fe-Mn correlations, 

limited Fe and Mn release, and high complex retention suggest that Ga(III)-DFOB may be 

interacting into Fe- and Mn-oxide-coated clays domains within the Cassville soil. In the bulk fit, 
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intact complex reduced to 11%, and Ga(III) associated with ferrihydrite, kaolinite, and organic 

matter, indicating that the Ga(III)-DFOB complex is also interacting with other soil components.   

4.1.2. Ga(III)-PDMA. Ga(III)-PDMA exhibited greater affinity for the Cassville clay soil than 

Ga(III)-DFOB, but less than Ga(III)-protochelin. This interaction was accompanied by slightly 

more dissolution of Fe and Mn compared to that induced by Ga(III)-DFOB. The Ga(III)-PDMA 

complex accounted for around 50% of the best-fit model in hotspots, indicating that the complex 

remained largely intact within the soil matrix. Consistent with previous observations that Ga(III)-

PDMA complexes intercalate into 2:1 clays (Evers et al.), PDMA retention was particularly 

pronounced within localized hotspots, suggesting that these hotspots represent regions with high 

clay content. Both hotspots produced similar fit results and exhibited significant correlations 

between Ga(III), Fe, and Mn distributions. The strong elemental correlations, limited dissolution, 

and evidence of complex stability suggest that Ga(III)-PDMA is intercalating into clays coated 

with Fe and Mn oxides in the Cassville soil, similarly to the Ga(III)-DFOB complex. In the bulk 

fit, retained complex decreased to around 5%, and the remaining free Ga(III) associated with 

ferrihydrite, montmorillonite, organic matter, and δ-MnO2. This wide variety of components 

suggests that although the PDMA does preferentially associate with the clay particles, since they 

are the hotspots, in the overall soil it distributes evenly, not exhibiting clear preferences for single 

components.   

4.1.3. Ga(III)-protochelin. Ga(III)-protochelin exhibited the greatest sorption onto the Cassville 

soil and caused the most Fe and Mn dissolution. As with the other siderophore complexes, Ga(III)-

protochelin remained intact in this soil, which is consistent with previous results showing 28% 

complex retention when Ga(III)-protochelin was adsorbed to montmorillonite clay (Evers et. al in 

prep). Ga(III)-protochelin has also been shown to dissolve Fe from montmorillonite (Evers et. al.), 
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which could contribute to the high Fe dissolution from this soil as it intercalates. Additionally, 

both hotspots and the bulk EXAFS in this soil contain Ga(III)-ferrihydrite as a fit, which is 

rationalized by high correlations between Ga and Fe in the hotspots as well as the bulk map. 

Ga(III)-protochelin has also been shown to remain intact upon sorption to ferrihydrite (Evers in 

prep), which could also contribute to portions of the percentage of whole siderophore complex in 

the fits, as well as Fe dissolution.  

4.2. Belhaven Muck  

The Belhaven muck is a poorly drained soil characterized by its dark color and high organic 

matter content. Humic substances within such soils are now understood as supramolecular 

associations in which numerous small, chemically diverse organic molecules cluster through 

hydrogen bonding and hydrophobic interactions (Piccolo 2001). This results in a micellar-like 

organization of organic matter, where hydrophilic exterior regions surround hydrophobic cores, 

shielding them from water molecules (Wandruszka, Engebreatson, and Yates 1999). Siderophores 

are expected to interact strongly with soil organic matter through a variety of mechanisms, 

including hydrogen bonding, complexation with metal-bridged organic matrices, and hydrophobic 

partitioning. For example, DFOB and its metal complexes have been shown to associate with 

organic matter via hydrophobic partitioning (M. Higashi, W-M. Fan, and N. Lane 1998). However, 

natural organic matter, particularly within soils, may also entrain particles that can interact with 

siderophore. Because of its high organic content and complex sorptive environment, the Belhaven 

muck was selected to represent organic-rich systems and to evaluate whether such soils act as 

strong sinks for siderophores, or a bioavailable source of Fe.  

4.2.1. Ga(III)-DFOB. Ga(III)-DFOB exhibited a similar degree of sorption to the Belhaven muck 

as Ga(III)-protochelin but induced substantially lower Fe dissolution. The hotspot in this sample 
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consisted of 88% Ga(III) associated with ferrihydrite, along with 12% retained Ga(III)-DFOB 

complex. However, the Ga-Fe Pearson coefficient was low (R² = 0.35), suggesting that a portion 

of Ga(III) may have remained complexed and associated with particles low in Fe content. Bulk 

EXAFS fitting further indicated that Ga(III) was predominantly associated with organic matter 

(37.6%), consistent with expectations for a soil rich in humic substances. Fe in humic substances 

can be found as Fe(II) or Fe(III) bound to humic substances, or associated with humic substances 

in the form of Fe (hydr)oxide particles such as ferrihydrite (Allard et al. 2004). Fe bound within 

these organic associations has been shown to be readily mobilized by DFOB, raising the possibility 

of Ga(III)-Fe(III) exchange within the organic fraction (Kuhn et al. 2014). However, steric 

hinderances may limit DFOB’s access to certain Fe microsites, resulting in partial complex 

retention. Together, these findings suggest that in the Belhaven muck, Ga(III)-DFOB 

predominantly interacts with organic matter and loosely with Fe-bearing humic components, with 

limited dissolution likely governed by the balance between complex stability and restricted site 

accessibility. 

4.2.2.Ga(III)-PDMA. Ga(III)-PDMA showed the greatest sorption to the Belhaven muck out of 

the three siderophore complexes; however, this was accompanied by the least Fe and Mn 

dissolution. Although the Ga(III)-PDMA had a large affinity for the high organic soil, it did not 

have a particular affinity for certain minerals in the soil, and instead the Ga(III) associated with 

every component in the fit model. This overall distribution of Ga throughout the map can also be 

seen in Figure 1. The largest components of the fits were ferrihydrite and organic matter, perhaps 

suggesting a slight affinity for Fe bearing components. The overall Belhaven PDMA μ-XRF map 

had no correlation between Ga and Fe or Mn. The first hotspot also had no Ga-Fe correlation, and 

the fit was primarily composed of clays, and organic matter. The second hotspot did have a 
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significant Ga-Fe correlation, and the fit was composed of ferrihydrite and montmorillonite clay, 

verifying this correlation. None of the Ga in the hotspots was associated with Mn minerals, and 

the hotspots also showed no correlation between Ga and Mn, verifying this lack of association. 

The lack of Ga-Fe and Ga-Mn correlation in the maps is likely a result of the Ga(III)-PDMA 

complex having no strong affinities for specific soil minerals. Additionally, metal(III)-PDMA 

complexes have a net negative charge, and adsorption of negatively charged humic substances 

onto Fe(hydr)oxide phases in the soil will contribute to a lower affinity of metal(III)-PDMA 

complexes for Fe(hydr)oxide surfaces due to a decreased electrostatic attraction (Walter et al. 

2016). This increase in repulsion between the PDMA complex and the Fe oxides may provide a 

possible explanation for the even distribution of the PDMA throughout the Belhaven soil.  

4.2.3. Ga(III)-protochelin. Ga(III)-protochelin sorbed the least to the Belhaven muck and caused 

the most Fe and Mn dissolution from this soil. The Ga(III)-protochelin complex was also present 

in both the bulk and hotspot fits in greater proportion that the Ga(III)-PDMA and Ga(III)-DFOB 

complexes. Protochelin contains a highly hydrophobic backbone, which may promote intact 

complex interactions with domains within  organic matter. The overall soil exhibited a weak 

correlation between Ga and Fe, and no correlation between Ga and Mn. For all Belhaven samples, 

low correlations with Mn are consistent with the inherently low Mn content in the muck.  

Notably, the hotspot in this sample was composed of approximately one-third Ga(III) 

associated with ferrihydrite, as evidenced by a high Pearson correlation coefficient with Fe within 

the hotspot. Fe(III) has been shown to form complexes with oxygen-containing functional groups 

in organic matter, such as carboxylic and phenolic acids (Gustafsson et al. 2007). Hesterberg et al. 

(2012) reported that Fe in peat occurs either as mononuclear Fe-organic complexes or as a mixture 

of these complexes with polynuclear Fe species, the latter potentially comprising up to 20% 
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ferrihydrite-like phases (Morris and Hesterberg 2012). Given that siderophore-Fe stability 

constants exceed those of Fe-carboxylic acid complexes, Ga-Fe exchange may occur, resulting in 

Ga remaining associated with these ferrihydrite-like species. This, as well as the high Fe 

dissolution, indicates that protochelin may accumulate in Fe rich areas in the organic matter and 

facilitating Fe dissolution. The  predominance of the Ga(III)-protochelin complex (65%) in the 

hotspot fit is consistent with previous work where Ga(III)-protochelin remained complexed when 

adsorbed to ferrihydrite while still facilitating Fe dissolution (Evers et.al). The high Fe dissolution 

may also indicate that the protochelin is able to access organic Fe; however, it can not be 

differentiated whether Fe associated with organic matter is an Fe source, or if all the Fe dissolution 

is a result of Fe (hydr)oxide particles within the organic matter. The Belhaven soil resulted in the 

highest amounts of Fe dissolution amongst all three Ga(III)-siderophore complexes while 

containing the lowest total Fe content, indicating that organic matter may be a viable Fe source for 

siderophores.  

4.3. Gruver Soil. 

The Gruver series soil is an alkaline (pH 8) no-till agricultural soil from an agricultural 

field rotating corn and alfalfa. Given this critical role of siderophores in facilitating Fe 

bioavailability in high-pH soils, the Gruver soil was selected as a representative system for 

investigating siderophore-driven Fe mobilization under agronomic conditions.  

Supplementary Figure 1 reveals distinct Fe-rich regions distributed throughout the Gruver 

soil, yet Supplementary Figure 2 indicates that these Fe hotspots do not contain Ga. This lack of 

co-localization suggests that Ga is not preferentially associating with these specific Fe-rich mineral 

domains but is instead interacting with more diffusely distributed Fe phases across the sample. 

Additional mineralogical characterization, such as X-ray diffraction (XRD) or Fe XAS, is required 
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to determine the composition of these localized Fe accumulations. Despite this lack of association, 

Ga(III) sorbed to ferrihydrite was a predominant fit for all Ga(III)-siderophore complexes with the 

Gruver soil. This component presence is consistent with known trends that sorption of many metal 

cations to Fe-oxide surfaces increases with increasing pH (He et al. 2025), so the alkaline pH of 

the Gruver soil likely promotes strong Ga-ferrihydrite interactions. Across all Gruver maps, bulk 

Ga(III)-Fe correlations were low (SI Table 2). However, hotspot data available for Ga(III)-DFOB 

and Ga(III)-PDMA showed elevated Ga-Fe correlations within hotspots, supporting the 

interpretation that Ga interacts with ferrihydrite or other poorly crystalline Fe phases that are more 

diffusely distributed than the visually prominent Fe-rich regions. 

4.3.1. Ga(III)-DFOB. The Ga(III)-DFOB had a low affinity for the Gruver soil and caused small 

amounts of Fe and Mn dissolution. The fit in the hotspot was solely composed of Ga(III) associated 

with ferrihydrite, which is accompanied by a high Ga-Fe correlation in this area (R2 of 0.86). 

Ga(III)-DFOB was the only siderophore to remain complexed in the Gruver soil (around 13% in 

the bulk fit), which could be due to DFOB sorption to soil minerals being the most unaffected by 

changes in pH, or repulsion of positive Ga(III)-DFOB complexes with soil particles.  

4.3.2. Ga(III)-PDMA. Ga(III)-PDMA had the highest affinity for this soil, which is consistent with 

trends seen in the other soils. Despite having the most sorption, it facilitated the least amount of 

Fe and Mn dissolution in this soil. As in the Belhaven and Cassville soils, the Ga(III)-PDMA 

EXAFS spectra were best fit with the highest variety of components compared to Ga(III)-DFOB 

and Ga(III)-protochelin. As in the other soils, the PDMA complex does not have as high of a 

preferential affinity for the Fe mineral as the other siderophore complexes. PDMA has previously 

been shown to exhibit either no or extremely low amounts of sorption to soil minerals such as clays 

and iron oxides (Hiradate and Inoue 1999; Reichard 2005), verifying the broader distribution of 
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PDMA throughout the soil. When in the soil system, the complex separates, and the resulting free 

metal associates with a variety of soil components.   

4.3.3. Ga(III)-protochelin. The adsorption of Ga(III)-protochelin was very lowest out of the three 

complexes (0.004 mM). This limited sorption may be due to repulsive interactions between soil 

particles and the hydrophobic backbone of the protochelin, as well as potential steric hinderances 

arising from the larger complex size of the Ga(III)-protochelin complex compared with the Ga(III)-

DFOB and Ga(III)-PDMA. Despite the limited sorption, the protochelin complex facilitated the 

highest amounts of Fe and Mn dissolution, similarly to the Cassville and Belhaven soils, indicating 

its capacity to solubilize metals from otherwise bio-unavailable pools. The bulk EXAFS was 

composed of Ga(III) associating solely with ferrihydrite, indicating that the protochelin complex 

reacts with Fe rich areas of the soil.  

Sorption of the Ga(III)-protochelin complex resulted in substantially greater Mn 

dissolution from the Gruver soil than that observed for the Ga(III)-DFOB and Ga(III)-PDMA 

complexes (Table 1), consistent with previously observed trends. Notably, the Gruver soil was the 

only soil in which dissolved Mn concentrations exceeded those of dissolved Fe. This contrasts 

with the Cassville clay: although the Gruver and Cassville soils contain comparable total Mn, the 

Cassville soil released far less Mn relative to Fe. It is possible that the Gruver soil contains more 

active Mn minerals, while the Mn in the Cassville clay was associated with clay particles. XRD 

analysis is also necessary to confirm this.  

4.4. Overall Reactions in the System 

It is important to note that we are using Ga(III)-siderophore complexes to model the 

behavior of what would be Fe(III)-siderophore complexes in natural systems. When examining 

Ga(III)-siderophore complex behavior across individual mineral phases, Ga(III) was found to 
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serve as an effective proxy for interactions with clays and manganese oxides  However, reactions 

with the Ga(III) may be occurring that would not typically occur in Fe systems. Notably, Ga(III) 

sorbed to ferrihydrite was identified as a contributing component in all EXAFS spectra, both within 

hotspot regions and in bulk samples, with an average fitted contribution of 41.2%. The slightly 

lower stability constant of the Fe(III)-siderophore complex relative to its Ga(III) counterpart (log 

K = 32.02 and 29.49, respectively) suggests the potential for metal exchange during sorption, 

wherein Ga(III) is retained on the ferrihydrite surface following displacement from the complex. 

On the other hand, ferrihydrite is an iron mineral with high surface area and reactivity, and it is 

possible that Fe(III)-siderophore complexes would also interact (perhaps cryptically) with the 

ferrihydrite surface, as cycling of Fe minerals has been shown to control key aspects of Fe 

biogeochemistry (Kappler and Bryce 2017). 

Experiments with ferrihydrite demonstrated that the Ga(III)-DFOB and Ga(III)-PDMA 

complexes dissociated upon sorption, whereas Ga(III)-protochelin remained intact, likely 

adsorbing via an outer-sphere complexation mechanism. Given the abundance of reactive surface 

oxygens on ferrihydrite, ligand exchange involving Fe(III) cannot be ruled out for the DFOB and 

PDMA systems; however, it is equally plausible that similar behavior would occur for Fe(III)-

DFOB and Fe(III)-PDMA complexes under comparable conditions. In contrast, sorption 

experiments with goethite indicated that Ga(III)-siderophore complexes formed ternary surface 

complexes. This observation is consistent with previous findings for Fe(III)-DFOB complexes 

(Simanova, Loring, and Persson 2011), suggesting that, for crystalline Fe(III) oxides such as 

goethite, Ga(III)-siderophore complexes effectively replicate the sorptive behavior of their Fe(III) 

analogs. Although methodological limitations are possible, it is noteworthy that previous studies 

have been unable to extract or detect protochelin in soils (Rai et al. 2020), due to its strong 
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adsorption to mineral surfaces. The approach developed here provides, at minimum, partial insight 

into its behavior in soil environments. 

Across all soil systems examined, DFOB and PDMA promoted significantly less Fe 

dissolution than protochelin. This was also observed in adsorption isotherm experiments (Evers. 

et. al.), where PDMA promoted no dissolution from iron minerals. Although DFOB promoted 

some Fe release, the extent of dissolution remained markedly lower than that observed for 

protochelin. Protochelin is a reactive molecule, and previous studies have demonstrated that 

protochelin degrades slowly under low-pH conditions (Harrington et al. 2012) and upon interaction 

with montmorillonite clays or birnessite (Evers et al., in review; (Harrington et al. 2012). While 

the degradation mechanism associated with montmorillonite remains unresolved, protochelin 

oxidation during interaction with birnessite occurs via reductive dissolution, wherein catecholate 

moieties are oxidized to quinones. Given that the catecholate functional groups of protochelin are 

more redox-active than the hydroxamate and α-hydroxycarboxylate groups present in DFOB and 

PDMA, protochelin is inherently more susceptible to oxidative degradation. This reactivity 

contributes to higher levels of dissolved Fe observed in these systems.   

Conclusions 

Overall, this study demonstrates that siderophore-metal complex behavior in soils is 

strongly governed by the physicochemical characteristics of the soil matrix, including mineral 

composition, clay content, organic matter, and pH, and provides advances to the previous work 

of Evers et. al.. Although the fate of complexes on individual mineral surfaces provided 

necessary groundwork in order to track the Ga(III)-siderophore complexes in more complicated 

systems, they themselves did not provide insight into the competitive dynamics among minerals 

or indicate the ultimate distribution of the complexes within heterogeneous soil matrices. In this 
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study, it was found that in the Cassville clay, all siderophore interactions were dominated by 

intercalation and sorption processes within Fe- and Mn-oxide-coated clay domains, reflecting the 

high sorptive capacity of clay-rich systems, and their capacity to act as sinks for siderophores. In 

the organic-rich Belhaven muck, DFOB and protochelin siderophore complexes were partitioned 

as intact complexes with humic substances and associated Fe phases, while PDMA had low 

affinity for specific mineral phases and distributed evenly through the muck as a dissociated 

complex. All three siderophores associated with iron phases in the alkaline soil, emphasizing the 

critical role of siderophores in sustaining Fe cycling under such conditions. Protochelin induced 

the highest amount of Fe and Mn dissolution in all three soils, implying that protochelin 

undergoes degradation within the soil matrix, rendering it unable to re-bind Fe(III) after 

dissolution. Metal-PDMA complexes have the lowest stability constant with metals, which 

results in the release of the free metal into solution, where it is then available for plant uptake. 

This supports work from (Ueno et al. 2021), that metal-PDMA addition to soils could be useful 

as a plant fertilizer. Building on these findings, future work should focus on soil containing 

defined quantities of clays, organic matter, metal oxides, and sands, in order to access 

competition between soil components. Understanding how different siderophore structures 

behave in soils with varying edaphic properties represents an important step toward elucidating 

the mechanisms that control iron acquisition in plants and improving Fe bioavailability in 

agricultural systems. 
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Figure 4.1. Ga μ-XRF maps for 1. Ga(III)-DFOB Cassville 2. Ga(III)-PDMA Cassville 3. Ga(III)-

protochelin Cassville 4. Ga(III)-DFOB Belhaven 5. Ga(III)-PDMA Belhaven 6. Ga(III)-

protochelin Belhaven 7. Ga(III)-DFOB Gruver 8. Ga(III)-PDMA Gruver and 9. Ga(III)-

protochelin Gruver. White circles represent hotspots where μ-EXAFS measurements were taken.  
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Figure 4.2. μ-EXAFS chi spectra and bulk EXAFS chi spectra for the Cassville clay soil. Dashed lined represent least square fits, with 

fit results shown in Table 2.  
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Figure 4.3. μ-EXAFS chi spectra and bulk EXAFS chi spectra for the Belhaven soil. Dashed lined represent least square fits, with fit 

results shown in Table 3.  
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Figure 4.4. μ-EXAFS chi spectra and bulk EXAFS chi spectra for the Gruver soil. Dashed lined represent least square fits, with fit 

results shown in Table 3.  
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Cassville Ga loading (mmol Ga/g soil) Fedissolved (μM) Mndissolved (μM) 

Ga(III)-DFOB           0.0005 1.47 1.05 

Ga(III)-PDMA 0.033 2.36 1.92 

Ga(III)-Protochelin 0.075 6.19 2.66 

    

    

Belhaven Muck Ga loading (mmol Ga/g soil) Fedissolved (μM) Mndissolved (μM) 

Ga(III)-DFOB 0.038 2.43 1.42 

Ga(III)-PDMA 0.162 2.82 1.57 

Ga(III)-Protochelin 0.03 11.69 2.12 

    

    

Gruver Ga loading (mmol Ga/g soil) Fedissolved (μM) Mndissolved (μM) 

Ga(III)-DFOB 0.010 1.15 2.69 

Ga(III)-PDMA 0.043 0.65 2.06 

Ga(III)-Protochelin 0.001 1.51 10.05 

Table 4.1. Gallium sorbed onto each bulk soil sample, and μm of iron and manganese dissolved 

from the soils. 1 mM initial concentration of Ga(III)-DFOB, Ga(III)-PDMA, Ga(III)-protochelin. 
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Cassville Clay DFOB PDMA Protochelin 

Component hotspot bulk hotspot 1 hotspot 2 bulk hotspot 1 hotspot 2 bulk 

Ga(III)-siderophore 28.0 ± 0.05 11.1 ± 0.02 49 ± 0.06 67 ± 0.03 5.7 ± 0.03 25.9 ± 0.05 11.5 ± 0.08 31.9 ± 0.03 

Ga(III)-ferrihydrite 25.2 ± 0.11 38.2 ± 0.03 9.4 ± 0.17 15.7 ± 0.08 19.2 ± 0.05 20.9 ± 0.05 62 ± 0.19 68 ± 0.03 

Ga(III)-montmorillonite - - 41.5 ± 0.18 15.7 ± 0.09 40.3 ± 0.05 - 23 ± 0.19 - 

Ga(III)-kaolinite - 23.5 ± 0.04 - - - - - - 

Ga(III)-organic - 27.3 ± 0.04 - - 24 ± 0.05 56.7 ± 0.06 - - 

Ga(III)- δ-MnO2 40.8 ± 0.15 - - - 10.6 ± 0.07 - - - 

Table 4.2. LCF fitting results for Ga(III)-DFOB, PDMA, and Protochelin adsorbed onto Cassville clay. Results are normalized to 

100%, but were 99 ± 1.4%, 77 ± 25% and 87 ± 6.5 respectively.  
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Belhaven Muck DFOB PDMA Protochelin 

Component hotspot bulk hotspot 1 hotspot 2 bulk hotspot 1 bulk 

Ga(III)-siderophore 12.2 ± 0.04 - - - 5.7 ± 0.03 65.6 ± 0.04 10 ± 0.02 

Ga(III)-ferrihydrite 88.0 ± 0.03 27.5 ± 0.04 15.5 ± 0.08 31.4 ± 0.08 30.1 ± 0.04 33.3 ± 0.05 18.8 ± 0.03 

Ga(III)-montmorillonite - - 40 ± 0.13 69.3 ± 0.07 10.2 ± 0.05 - - 

Ga(III)-kaolinite - - 28.8 ± 0.10 - 11.0 ± 0.06 - 18.8 ± 0.03 

Ga(III)-organic - 37.6 ± .03 13.3 ± 0.08 - 38.5 ± 0.4 - 45 ± 0.02 

Ga(III)- δ-MnO2 - 31.8 ± .05 - - 8.2 ± 0.07 - - 

Table 4.3. LCF fitting results for Ga(III)-DFOB, PDMA and protochelin adsorbed onto the Belhaven muck. Results are normalized to 

100%, but were 82 ± 18%, 96 ± 11%, 82 ± 19% respectively.  
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Gruver DFOB PDMA Protochelin 

Component hotspot bulk hotspot 1 bulk bulk 

Ga(III)-siderophore - 13.7 ± 0.02 - - - 

Ga(III)-ferrihydrite 100 ± 0.05 86 ± 0.02 59.2 ± 0.09 87.1 ± 0.02 100 ± 0.02 

Ga(III)-montmorillonite - - - - - 

Ga(III)-kaolinite - - 44.8 ± 0.08 - - 

Ga(III)-organic - - - 12.9 ± 0.02 - 

Ga(III)- δ-MnO2 - - - - - 

Table 4.4. LCF fitting results for Ga(III)-DFOB, PDMA and protochelin adsorbed to the Gruver series soil. Results are normalized to 

100% but were 82 ± 12%, 88 ± 7% and 60% respectively.  
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CHAPTER 5: Summary and Conclusions 

1. Summary of Major Findings  

This dissertation broadly sought to elucidate the behavior of structurally distinct 

siderophores in soil environments, a topic that has remained challenging due to the overwhelming 

abundance and complexity of iron in soils. Three siderophores, including DFOB (hydroxamate), 

PDMA (α-hydroxycarboxylate), and protochelin (catecholate), were studied to represent major 

classes of siderophore ligands. The inclusion of PDMA and protochelin was notable, as measurable 

quantities of these compounds are rarely available and are accessible in only a limited number of 

laboratories. 

Because PDMA is a synthetic analog of the natural phytosiderophore DMA, efforts were 

first directed toward improving the understanding of its binding behavior, particularly with respect 

to metals other than iron, as siderophores influence not only Fe acquisition but also the mobility 

and bioavailability of  micronutrient trace metals. PDMA was found to form complexes with 

Cu(II), Ni(II), Co(II), and Zn(II), exhibiting stability constants comparable to those reported for 

DMA. This prompted the question of whether stability constants for phytosiderophores could be 

predicted in cases where direct measurement is constrained by limited compound availability. It 

was demonstrated that PDMA stability constants could be predicted from known stability 

constants of other phytosiderophores. Subsequently, predictive relationships were further 

expanded to phytosiderophore-metal pairs for which no experimental constants exist, using 

hydrolysis constants, ionic potential, and linear regressions based on DFOB-metal complexes. 

These findings provided insight into the potential utility of PDMA as a fertilizer component for 

metals beyond iron. 
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With a clearer understanding of PDMA’s impact on trace metal biogeochemistry, we then 

evaluated how DFOB, PDMA, and protochelin interacted with mineral surfaces. Adsorption of 

apo-siderophores was compared to that of their Fe complexes. DFOB and its Fe complexes were 

found to exhibit similar degrees of sorption and generally sorbed more strongly than the other 

siderophores, likely due to the complex’s overall positive charge. Apo-PDMA exhibited negligible 

affinity for mineral surfaces, although its Fe complex displayed measurable adsorption. 

Protochelin and its Fe complex both sorbed to most minerals examined, although protochelin 

frequently induced substantial mineral dissolution and underwent degradation, as indicated by 

repeated changes in solution color. 

Because adsorption has the potential to disrupt the transport of siderophore-metal 

complexes to parent organisms, the mechanisms governing surface interactions were investigated. 

Traditional approaches have been limited by the inability to spectroscopically resolve Fe in 

siderophore complexes within Fe-rich matrices. This challenge was circumvented through the 

substitution of Ga(III) as a “pseudo-isotope,” enabling analysis at the synchrotron. It was shown 

that all three siderophore complexes dissociated upon sorption to kaolinite and birnessite. All three 

intercalated into montmorillonite, although protochelin exhibited partial degradation and therefore 

did not fully intercalate. Ga-DFOB and Ga-PDMA dissociated upon sorption to ferrihydrite, 

whereas protochelin sorbed as an intact outer-sphere complex. On goethite surfaces, all 

siderophores formed type-A ternary complexes. These results demonstrated that Ga substitution is 

a viable strategy for tracing siderophore complexation processes in mineral systems that are 

otherwise analytically inaccessible. 

Having established mineral level mechanisms, the fate of siderophore complexes in soils 

was then examined. A Cassville clay (high clay content), a Belhaven muck (high organic matter), 
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and a Gruver soil (alkaline) were selected to represent a variety of environmental conditions. 

Intercalation, and thus complex retention, of complexes was greatest in the Cassville soil. In the 

organic Belhaven soil, partial retention of all complexes occurred, likely driven by hydrophobic 

partitioning of intact species. In the alkaline Gruver soil, the complexes from all three siderophores 

dissociated, and free Ga(III) associated primarily with poorly crystalline iron phases. Consistent 

with mineral experiments, protochelin was the most susceptible to degradation and facilitated the 

highest levels of Fe dissolution. 

Collectively, this work provided foundational thermodynamic and mechanistic insights 

needed to better understand PDMA reactivity in soils. The application of gallium as a 

spectroscopically traceable analog for iron introduced a novel methodological framework for 

tracking siderophores, and potentially other organic metal-binding ligands, through complex 

mineral and soil environments. Overall, the behavior of structurally distinct siderophores and their 

metal complexes in both mineral and soil matrices was elucidated, filling critical gaps in the 

understanding of their environmental fate. 

2. Future Work  

2.1. Improvement of present work  

This dissertation advances our understanding of the fate of siderophores in soil 

environments; however, several opportunities for refinement became apparent in retrospect. The 

isotherm experiments, in particular, could have been expanded to yield a more comprehensive 

dataset. Incorporating more rigorous dissolution measurements across all minerals would have 

provided deeper insight into how ligand functional group identity affects nutrient release and 

availability. The inclusion of desorption experiments following initial adsorption would have 

further clarified siderophore cycling and potential re-mobilization. Conducting experiments across 
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a wider range of environmentally relevant pH values would also have strengthened interpretations 

of pH-dependent sorption behavior. Finally, the addition of adsorption isotherms with organic 

matter would have strengthened the interpretation of siderophore interactions in more complex 

environmental matrices.  

2.2. Suggestions for future work  

Several avenues for future research emerge from this work. Competition experiments, 

conducted both in simplified mineral systems and in more complex soil environments, would 

provide valuable insight into how siderophores interact when multiple surfaces are present 

simultaneously. For example, in the fourth chapter, the addition of a soil containing all major 

reactive components (clays, organic matter, metal oxides, and sands) would have provided 

valuable insight into competition among these phases and clarified the ultimate partitioning of 

siderophores within soil environments. Additional investigation into the degradation products 

formed during siderophore-mineral and siderophore-soil interactions would also be beneficial, 

however characterizing degradation in soils may be challenging, particularly for protochelin, 

which exhibits strong retention. However, such analyses are likely feasible in controlled mineral 

systems via LC-ICP-MS analysis of the supernatant. Finally, integrating a biotic component into 

soil experiments could offer a more realistic representation of siderophore cycling in natural 

environments, although this approach would require careful consideration of extraction challenges 

and analytical constraints. 

3. Broader Impacts and Final Thoughts 

This dissertation provides a better understanding of siderophore function, possibly 

including which structures retain metals, and can be uptake by strategy II plants, and which 

structures release metals, and can be utilized by strategy I plants. PDMA, in particular, has recently 
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been identified as a promising zinc fertilizer, capable of alleviating deficiencies in alkaline and 

flooded soils (Rocco et al. 2025). Additionally, PDMA has been shown to be accessible to dicot 

species (Ueno et al. 2021), as its complexes are more readily reduced, releasing iron in a form that 

can be taken up by Strategy I plants. This highlights the potential for leveraging specific 

siderophores to enhance micronutrient availability across a broad range of plant types and soil 

conditions. 

At its core, this work aims to advance our understanding of how this remarkably diverse 

class of iron acquisition molecules behaves in soil environments, with the broader goal of 

informing strategies to mitigate iron deficiency in plants and, ultimately, in people — a pressing 

issue given that nearly two billion individuals worldwide experience anemia. Research in this 

area has historically focused on DFOB, and very little work has examined the behavior of 

siderophores in real soils. However, in understanding how different siderophores, such as PDMA 

and protochelin react in soils, we can potentially engineer plants to exude more efficient 

structures of siderophores or use them in fertilizer applications if cost effective pathways can be 

found. The findings presented here contribute an essential step toward the eventual use of 

siderophores in agricultural applications by demonstrating how different siderophores function 

across distinct environmental conditions. The potential applications of this research to nutrient 

management strategies underscores the importance of interdisciplinary collaboration. A 

mechanistic understanding of siderophore behavior is only valuable if it is translated to those 

capable of implementing changes in plant systems. While this dissertation provides foundational 

insights rather than direct solutions, such groundwork is necessary before meaningful advances 

can be made. As my advisor recently noted, the path from “study siderophores” to “solve 
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anemia” is not linear; several critical steps lie in between, and progress depends on building 

connections across disciplines to move the science forward 
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Appendix A(Supplemental Information for Chapter 2) 

 

Table S1. Log of stability constants for metal-siderophore complexes. DMA (Murakami et al. 

1989), MA (Murakami et al. 1989); epi-HMA(Murakami et al. 1989); and DFOB (Duckworth 

and Sposito 2005; Evers et al. 1989; Hernlem, Vane, and Sayles 1996). 
 

MA DMA Epi-HMA DFOB 

Mn(II) 8.30 8.29 8.03 7.68 

Ni(II) 14.92 14.78 14.38 11.78 

Cu(II) 18.10 18.7 17.92 14.42 

Zn(II) 12.69 12.84 12.43 10.43 

Fe(III) 32.49 31.35 34.35 31.92 
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Table S2. Stability constants for metal-PDMA complexes estimated by regression with metal 

cation hydrolysis constant and DFOB complex stability constant. Stability constants are from: 

logβOH (Baes and Mesmer 1976) and LogβHDFOB (Hernlem, Vane, and Sayles 1996; Duckworth 

and Sposito 2005; Evers et al. 1989; Kim, Duckworth, and Strathmann 2009). 

 

ion logKDFOB logKOH logKPDMADFOB logKPDMAKOH 

Al(III) 25.5 -5.00 29.9± 5.9 27.0 ± 2.8 

Ca(II) 3.5 -12.70 4.1± 2.7 2.8 ± 1.3 

Cd(II) 8.8 -10.10 10.3 ± 3.4 10.9 ± 1.8 

Co(III) 37.4 -1.13 44.1 ± 7.6 39.2 ± 3.6 

Fe(II) 11.1 -9.40 13.1 ± 3.8 13.2 ± 1.9 

Ga(III) 29.5 -2.90 34.7 ± 6.5 33.6 ± 3.3 

In(III) 21.9 -4.00 25.8 ± 5.4 30.2 ± 3.0 

La(III) 12.2 -10.04 14.4 ± 4.0 11.2 ± 1.8 

Mg(II) 5.2 -11.40 6.1± 2.9 6.9± 1.5 

Mn(III) 29.9 -0.60 35.2 ± 6.5 40.9 ± 3.7 

Pb(II) 10.9 -7.60 12.8 ± 3.8 18.8 ± 2.3 

Sr(II) 3.1 -13.18 3.7± 2.6 1.3 ± 1.1 
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Appendix B (Supplemental Information for Chapter 3) 

 

 

 
 

Figure S1. initial DFOB concentration (μm) vs dissolved Fe in solution (μm). 
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Figure S2. equilibrium PMDA concentration (μm) vs dissolved Mn in solution (ppm). 
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Figure S3. equilibrium protochelin (open square) and Fe-protochelin (dark square) concentration 

(μm) vs dissolved Mn in solution (ppm). 
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Figure S4. a) aqueous Ga(III)-PDMA and Ga(III)-protochelin EXAFS spectra and b) FT magnitude plots of Ga(III)-PDMA and Ga(III)-

protochelin. Shell by shell (structural model) fits to the data are represented by dotted lines with fit parameters shown in SI table 1.   
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Figure S5. a) Ga(III)- mineral EXAFS spectra and b) FT magnitude plots of Ga(III)-mineral samples. Shell by shell (structural model) 

fits to the data are represented by dotted lines with fit parameters shown in SI table.
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Table S1. Calculated and experimental (EXAFS) average, interatomic distances [Å], standard deviations (STDV: calc.) and Debye–

Waller factors (DWF: expt.) for the first, second and third coordination shells. 
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Table S2. Dissolved Fe (μm) for Ga(III)-DFOB, Ga(III)-PDMA, and Ga(III)- Protochelin (1mM 

concentration) when reacted with ferrihydrite. 

 

Species Fe
dissolved

 

Ga-DFOB 20.3 
Ga-PDMA 14.8 

Ga-Protochelin 8.4 
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Appendix C (Supplemental Information for Chapter 4) 

 

 

 
SI Figure 1. Fe μ-XRF maps. Red indicated areas of high concentration, and blue indicates areas 

of low concentration.  
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SI Figure 2.  Ga(III)-Fe gradient maps.  
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SI Table 1. Total Fe and Mn concretions in the Cassville, Belhaven, and Gruver soils (mmol/kg). 

 

 

Soils Fe Mn 

Cassville Clay 1,168.9 8.1 

Belhaven Muck 114.9 0.38 

Gruver Soil 345.2 7.8 
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SI Table 2. R2 values for Ga correlations with Fe and Mn in overall μ-XRF maps.  

 

 Cassville Belhaven Gruver 

 Fe R2 Mn R2 Fe R2 Mn R2 Fe R2 Mn R2 

Ga(III)-DFOB 0.57 0.41 0.23 0.10 0.18 0.08 

Ga(III)-PDMA 0.57 0.52 0.07 0.02 0.21 0.06 

Ga(III)-Protochelin 0.6 0.62 0.11 0.03 0.2 0.14 
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SI Table 3. R2 values for Ga correlations with Fe and Mn in the hotspots for μ-XRF maps.  

 

Fe R2 Cassville Fe R2 Belhaven Gruver 

 Hotspot 1 Hotspot 2 Hotspot 1 Hotspot 2 Hotspot 1 

Ga(III)-DFOB 0.63 - 0.35 - 0.86 

Ga(III)-PDMA 0.29 0.18 0.03 0.74 0.56 

Ga(III)-Protochelin 0.81 0.69 0.52 - - 

 

Mn R2 Cassville Belhaven Gruver 

 Hotspot 1 Hotspot 2 Hotspot 1 Hotspot 2 Hotspot 1 

Ga(III)-DFOB 0.42 - 0.44 - 0.70 

Ga(III)-PDMA 0.41 0.006 0.04 0.02 0.26 

Ga(III)-Protochelin 0.85 0.76 0.51 - - 
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SI Table 4. EXAFS structure fitting results. Numbers represent the % best fit by the aqueous 

complex, with remainder of the fit from Ga(III)-mineral spectra. Fits were normalized to 100% 

but were 0.88 ± 0.11. Ferrihydrite, δ-MnO2, kaolinite, and montmorillonite complexes were fit 

from k = 3-13 Å-1, whereas goethite complexes were fit from k = 3-10 Å-1.  

 

  

Sorbent Ga(III)-DFOB (%) Ga(III)-PDMA (%) Ga(III)-Protochelin(%) 

ferrihydrite 0 0 100 

δ-MnO2 0 0 0 

kaolinite 0 0 28 

montmorillonite 100 70 33 

goethite 36 35 38 

Organic matter 55 80 0 

 


