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Siderophores are low molecular weight high affinity iron chelates found at low concentrations in seawater. In this study we determined the total concentrations and identities of siderophores in extracts isolated from a shelf sea environment on the Northwest European shelf by high performance liquid chromatography coupled to high resolution inductively coupled plasma mass spectrometry (ICP-MS) in parallel to high resolution electrospray ionisation mass spectrometry (ESI-MS). We identified a total of 24 different siderophores in our samples via metal isotope profiling of masses detected by ESI-MS. Twenty three of the identified siderophores could be assigned to three siderophore families – ferrioxamines, amphibactins and marinobactins. In contrast, only 12 peaks could be resolved in iron chromatograms obtained via ICP-MS analysis. Comparison of results obtained by the two mass spectrometry detectors showed that neither method was able to detect and identify all siderophores present in the samples on its own. We assessed the impact of our observed total siderophore concentrations on iron speciation by calculating the distribution of iron species as a function of total siderophore concentrations at different iron concentrations representative of our study area. We considered competition for iron between siderophores, a humic like dissolved organic matter (DOM) fraction and hydroxide ions by combining an ion-pair model with a non-ideal competitive interaction (NICA)-Donnan model. We found that the overall impact of siderophores on iron biogeochemistry is low at concentrations of siderophore <100 pmol L-1, and that the dominant iron species present at siderophore concentrations of the order of a few tens of pmol L-1 will be iron bound to the humic like DOM fraction. Furthermore the heterogeneity of binding sites in the humic like DOM fraction means that other binding sites present in organic matter could be effective competitors for siderophores, especially at low iron concentrations. Our findings highlight the importance of binding site heterogeneity when considering the influence of different iron binding groups on iron speciation in the marine environment.
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Introduction

Iron is an essential micronutrient for pyhtoplankton growth, but its low solubility in oxygenated water results in sub nanomolar concentrations (Liu and Millero, 2002) which limit productivity in approximately 30-40% of the surface ocean (Boyd and Ellwood, 2010; Hutchins and Boyd, 2016). Siderophores are secondary metabolites produced by bacteria and fungi in order to acquire iron (Hider and Kong, 2010) and are thought to make up a component of the dissolved iron pool in seawater, likely influencing iron bioavailability to marine microbes (Shaked and Lis, 2012; Hogle et al., 2021). More than forty siderophores from marine bacteria have been characterised (Vraspir and Butler, 2009) and four groups of these siderophores, ferrioxamines, amphibactins, synechobactins and petrobactins have been shown to occur in open ocean surface waters (Mawji et al., 2008; Boiteau et al., 2016; Velasquez et al., 2016; Bundy et al., 2018; Manck et al., 2021). The concentrations of individual siderophores have been determined to be of the order of a few picomoles per litre (Mawji et al., 2008; Bundy et al., 2018; Boiteau et al., 2019), similar in magnitude to other microbial exatometabolites (i.e. extracellular metabolites) such as vitamins (Sañudo-Wilhelmy et al., 2012), and potentially higher than forms of iron (e.g. iron(III) hydroxide ions), known to be more widely bioavailable to marine phytoplankton (Bundy et al., 2018). In general, the low quantity of data on siderophore distributions in the ocean means there is currently limited information on the variety and abundance of siderophores in marine systems. Furthermore, given that the concentrations of siderophores observed are generally low relative to the total dissolved iron concentration, and the overall concentration of iron binding ligands (Boiteau et al., 2016; Buck et al., 2018; Bundy et al., 2018) the role that these compounds play in the biogeochemical cycling of iron in the ocean is not well understood.

The impact of siderophores on iron biogeochemistry is likely influenced by the presence of other iron binding compounds present in seawater such as humic substances (Laglera et al., 2007; Gledhill and Buck, 2012; Slagter et al., 2017; Whitby et al., 2020). Recent work has confirmed that binding site distributions in marine dissolved organic matter are heterogeneous and thus like those of humic substances (Hiemstra and van Riemsdijk, 2006; Lodeiro et al., 2020; Lodeiro et al., 2021; Zhu et al., 2021a; Zhu et al., 2021b). The total concentration of binding sites in the portion of marine DOM that can be extracted from seawater by hydrophobic resins at pH 2 approximates 130 mmol mol-1 C (Lodeiro et al., 2020; Lodeiro et al., 2021). At least 10% of C atoms are therefore bonded to a heteroatom with an available proton binding group and the total proton binding site concentration in seawater can be estimated to be of the order of a few µmol L-1. Proton affinities for marine DOM follow a bimodal distribution as observed for humic substances including fulvic and humic acids, although analysis to date suggests that marine DOM is likely less heterogeneous than terrestrial fulvic and humic acids (Lodeiro et al., 2020; Lodeiro et al., 2021; Zhu et al., 2021a; Zhu et al., 2021b). The heterogeneity of marine DOM means that a small portion of the many binding sites present likely have structures favourable for formation of relatively stable iron complexes via e.g., the chelate effect (Fraústo Da Silva, 1983) and has implications for assessing competitive interactions between ions (Tipping, 1993). The importance of heterogeneity for building a full understanding of competitive interactions between cations was first highlighted nearly forty years ago (e.g., Perdue and Lytle, 1983) and formed the basis for the development of continuous binding site distribution models commonly applied to investigations of metal binding to humic substances (Perdue and Lytle, 1983; Kinniburgh et al., 1996; Tipping et al., 2011). However, heterogeneity also has implications for interactions between different ligand groups, especially those such as siderophores that are specifically produced by microbes, have a high affinity for iron but are present at relatively low abundance. Nevertheless, to our knowledge, competition between siderophores and humic substance-like binding sites in marine DOM, has not previously considered the impact of this heterogeneity.

In this study we combine high performance liquid chromatography (HPLC) with high resolution electrospray ionisation mass spectrometry (ESI-MS) and inductively coupled mass spectrometry (ICP-MS) to identify and quantify siderophores in the Celtic Sea on the Northwest European Shelf. We used the range of determined siderophore concentrations to further assess the competition between siderophores and a humic substance-like component of DOM, which was investigated on the same cruises in parrallel to this study (Zhu et al., 2021a). We therefore add complexation of siderophores to the non-ideal competitive adsorption (NICA) model developed in Zhu et al. (2021a) and calculate the resultant species distributions as function of increasing siderophore concentration in order to improve understanding of the impact of siderophore production on iron speciation in our study area (Birchill et al., 2017; Poulton et al., 2017; Davis et al., 2018).

Our study was undertaken as part of the UK Shelf Sea Biogeochemistry program investigating the role of the shelf sea in carbon sequestration and the seasonal dynamics of trace elements, including iron, at the shelf edge. Recent work has demonstrated strong seasonal cycling of both iron and carbon in the Celtic Sea. High productivity in the spring results in the drawdown of nitrate, phosphate and iron to concentrations similar to those in nutrient limited regions of the open ocean (Birchill et al., 2017). Although dissolved organic carbon concentrations in the Celtic Sea do not have a strong seasonal cycle (Davis et al., 2018; Wihsgott et al., 2019), the shelf environment experiences both spring and autumn phytoplankton blooms, which could influence siderophore production via changes in bacterial productivity.



Methods

Sampling was conducted on three cruises on the RRS Discovery in the Celtic Sea in November 2014, April 2015 and July 2015. Siderophore samples were collected from two stations – CCS which was situated on the shelf in the central Celtic Sea, and CS2 which was close to the shelf edge (Figure 1; Birchill et al., 2017; Rusiecka et al., 2018). We present data obtained for CCS from all three cruises and for CS2 from the November 2014 cruise. Samples for siderophore identification were obtained from 20 L Niskin bottles mounted on a stainless steel rosette equipped with a conductivity-temperature-depth profiler. A total of 13 to 17 L seawater was sampled into acid washed Nalgene carbuoys. The water was filtered (0.2 µm, Sartobran cellulose acetate filter) immediately prior to solid phase extraction (SPE; 300 mg, 6 mL Env+, Biotage) at a flow rate of 3 mL min-1 using a peristaltic pump. Cartridges were air dried and then frozen at -20°C for later extraction and analysis in the laboratory. In November, sample preconcentrations took place at room temperature (ca. 20°C), whilst in April and July, samples were processed in a temperature controlled room at 4°C. Since preconcentration took four days, the microbial population in the November samples could have grown during the preconcentration period with consequent impacts on siderophore concentrations. We therefore only present qualititative information for samples collected in November. Future studies could avoid this potential for bias during preconcentration by filtering the sample prior to collection in the sample reservoir used for preconcentration, preconcentrating at 4°C, or reducing the time required for preconcentration by e.g., increasing the flow rate or reducing the volume preconcentrated.




Figure 1 | Map of the study area showing the positions on the two stations in the Celtic Sea.



Once defrosted, cartridges were washed with 5 mL 11 mmol L-1 ammonium carbonate to remove inorganic salts, and siderophores were eluted with 5 mL 80:15:5 (v:v:v) acetonitrile:isopropanol:H2O containing 5 mmol L-1 ammonium formate. High purity water (18.2 mΩcm-1, Milli-Q, Millipore), and LC-MS grade solvents and ammonium formate (Fisher) were used throughout, and all sample processing took place under a class 1000 laminar flow hood. A 1 mL aliquot of sample was pipetted into a microcentrifuge tube (Eppendorf, Millipore) and the solvents evaporated under vacuum to near dryness (<100 µL) using a centrifugal evaporator (Thermo). Samples were then diluted to a total volume of 1 mL with 5 mmol L-1 ammonium formate prior to analysis.

We analysed each sample three times: 1) after overnight equilibration with added gallium (100 µg mL-1 gallium; ICP-MS standard solution) to identify putative siderophores 2) after overnight equilibration with added iron (100 nmol L-1 FeCl3) to confirm that gallium complexes could be detected as their corresponding iron complexes and 3) without any metal addition to quantify siderophores present in samples (Mawji et al., 2011).

For identification of siderophores [analyses (1) and (2)], samples were analysed by HPLC-ESI-MS (Biocompatible Ultimate 3000, Orbitrap Q Exactive, Thermo). Separation was performed using a linear gradient from H2O:methanol:formic acid (95:5:0.1 v:v:v) to 100:0.1 methanol:formic (v:v) acid over 10 minutes, at a flow rate of 400 µL min-1 with a C18 column (Agilent Zorbax Eclipse Plus, 1.8 × 50 mm, 1.8 µm). The injection volume was 25 µL. We used a peak height cut off of 1 × 105 ion counts for detection of ESI-MS peaks. Chelomex (Baars et al., 2014) was used to mine ESI-MS data for peaks with gallium isotopes, after converting RAW files to mzXML files with MS Convert (Proteowizard). Iron complexes were subsequently identified in mzmine v2.53 (Pluskal et al., 2010) as described in Gledhill et al. (2019).

For siderophore quantification [analysis (3)], samples were analysed by HPLC-ESI-MS/ICP-MS (Biocompatible Ultimate 3000, Orbitrap Q Exactive, Element XR, Thermo). Both HPLC solvents were modified with 5 mmol L-1 ammonium formate and we used a polymeric PEEK column (Hamilton, PRP, 2.1 × 150 mm, 5 µm) in order to reduce background ion counts in the ICP-MS (Boiteau et al., 2013). We used a flow rate of 400 µL min-1 and extended the time of the linear gradient of 95:5 H2O: methanol to 100% methanol to 15 minutes to improve peak separation. Immediately after the HPLC column, the flow was split so that 200 µL min-1 flowed in parallel to the ESI-MS detector (Orbitrap Q Exactive, Thermo) and ICP-MS detector (Element XR, Thermo). The fraction of eluate going to the ICP-MS detector was dried with a desolvator (Aridus, CETAC) and oxygen added to nebulizer gas at a flow rate of 35 mL min-1 to prevent the build-up of carbon on the platinum skimmer cones of the ICP-MS (Boiteau et al., 2013). We monitored the 56Fe peak to detect siderophores and 59Co to detect cobalamin. Quantification was based on a calibration constructed using standard solutions of ferrioxamine B (Sigma). Ferrioxamine E and G standards (EMC microcollections) were also analysed to confirm retention times. Cobalamin was added as an internal standard to each sample immediately prior to analysis at a concentration of 7.5 nmol L-1 to allow for peak alignment (Boiteau et al., 2013). We did not account for changes in ICP-MS sensitivity over the course of the chromatogram (Boiteau et al., 2013). We estimated a detection limit for iron peaks of 1.3 nmol L-1 for the preconcentrated sample, based on integration of the noise observed on analysis of extracts of blank SPE cartridges over a 30 second time period (3 × standard deviation of the integrated noise, n=9). Since samples were preconcentrated by at least a factor of 1700 depending on the sample, this can be extrapolated to a detection limit of ca. 0.5 pmol L-1 for siderophore concentrations in the original sample.

The potential impact of siderophores on the relative abundance of inorganic iron, iron bound to a humic substance like fraction and the formation of solid iron hydroxide phases was calculated by combining an ion-pair model with the non-ideal competitive adsorption (NICA) - Donnan model (Kinniburgh et al., 1996) within the speciation programme ORCHESTRA (Meeussen, 2003). We used the model as applied in Zhu et al. (2021a), and consider marine DOM as a heterogeneous pool of binding sites analogous to fulvic acid. To describe iron binding to organic matter, we used generic parameters from Milne et al., (2001; 2003) combined with the NICA iron parameters (Supplementary Table 1) optimized for the Celtic Sea (Zhu et al., 2021a). We use a single dissolved organic carbon concentration of 47 µmol L-1 since scaling binding site concentrations with DOC concentrations had a minor impact on the calculated speciation in our study area (Zhu et al., 2021a). Formation of solid iron hydroxide phases was determined by allowing any free iron (Fe3+) in excess of its solubility to precipitate as Fe(OH)3(s) according to the solubility constants from Liu and Millero (1999). We assumed all siderophores had thermodynamic constants similar to ferrioxamine B (Schijf and Burns, 2016), since thermodynamic stability constants with major ions and even iron are unavailable for most of the siderophores identified in this study. We added thermodynamic constants for ferrioxamine B to the MINTEQ4 database used in ORCHESTRA. We calculated speciation at a fixed pH (8.25 on the NBS scale) and temperature (12°C) since temperature and pH varied by ±1°C and 0.1 pH unit respectively in our study area (Zhu et al., 2021a). Input and output files required for the calculations are available at dx.doi.org/10.17504/protocols.io.b27xqhpn, together with a protocol for calculating iron speciation using ORCHESTRA.

Further data processing, statistical analysis and graphical presentation was carried out in R (R Development Core Team, 2016).



Results and Discussion


Siderophores Identified in Northwest European Shelf Sea Waters

We identified 24 siderophores in preconcentrated samples collected at two stations (Figure 1) on the European shelf in the autumn, spring and summer seasons (Nov 2014, April 2015 and July 2015) using ESI-MS. Our criteria were based on the ability of the siderophores to exchange iron with gallium (McCormack et al., 2003), and positive identification required: 1) co-elution of peaks corresponding to complexes with both gallium isotopes ([M-2H+69Ga]+ and [M-2H+71Ga]+, Δm/z=1.995) and 71Ga:69Ga peak areas with ratios that reflected the natural isotopic composition of Ga (i.e. ratio within 0.66 ± 0.19) and 2) elution of a peak corresponding to the [M-2H+56Fe]+ isotope in the absence of gallium. We used the exact mass, isotopic ratios of 12C:13C and retention times to identify hydroxamate siderophores of the ferrioxamine and amphibactin families, according to the seven golden rules criteria (Kind and Fiehn, 2007) and via comparison with previous work (McCormack et al., 2003; Gledhill et al., 2004; Mawji et al., 2011). The identities of ferrioxamines E and G were unequivocally confirmed by direct comparison with standards.

Based on exact mass, we were able to tentatively identify ferrioxamines G2 and D2 in marine samples for the first time. Ferrioxamines are synthesized by the non-ribosomal peptide independent synthase pathway, and all four of these siderophores could potentially be produced by the same bacteria (Ronan et al., 2018). We identifed 7 structurally characterised amphibactins (Martinez and Butler, 2007) which have been found in offshore Pacific surface waters (Boiteau et al., 2016) and identifed in incubations from Atlantic waters (Mawji et al., 2011). We also identified 4 previously characterized marinobactins (Martinez et al., 2000). To our knowledge, this is the first report for the isolation of marinobactins from seawater samples, although they were amongst the first marine siderophores to be characterised from bacterial isolates.

We predicted molecular formulas for unknown siderophores by extension of fatty acid chain length, or addition of further functional groups commonly associated with siderophores (e.g., hydroxyl group). We used the number of predicted nitrogen atoms in the formulae to group our siderophores into families. Thus, five of our unknowns belong to the N7 family (m/z = 915.4265, 921.4141, 937.4089, 945.4350) which included the amphibactins, and three to the N9 family (m/z= 957. 374, 1045.424, 1059.405) which contained the marinobactins. One of our N9 siderophores (m/z = 1045.424) could also have been previously identified in an incubated surface seawater from the South Atlantic Ocean (Mawji et al., 2011). Plots of retention times vs mass/charge ratio (Figure 2) clustered the siderophores into different groups broadly aligned with our familial assignments. Although molecular weight was the dominant factor influencing retention time, increases in the number of oxygen atoms, which were potentially associated with further hydroxylation of the fatty acid chain, resulted in decreased retention times, consistent with likely decreased hydrophobicity. Thus, under our chromatographic conditions, the ferrioxamine siderophores were the most hydrophilic, eluting at retention times between the solvent front and 4 minutes, N9 siderophores eluted between 5.5 and 8.6 minutes and N7 siderophores between 8.6 and 9.6 minutes (Figure 2). The chromatographic behaviour thus suggests N9 are more hydrophilic than N7 siderophores, even though they have higher molecular masses. Hydrophobicity of siderophores likely impacts on their biogeochemical behaviour in the environment, since it influences cell-water partitioning. For example, hydrophobic siderophores have been isolated from the cells of bacteria, rather than from the culture media (Xu et al., 2002; Martinez et al., 2003). Furthermore association of siderophores with cell surfaces or particles could point to a more important role for these compounds in remineralisation processes (Bundy et al., 2014; Velasquez et al., 2016).




Figure 2 | Plot of retention time against mass: charge (m/z) for [M-2H+Fe]+ ions of siderophores identified at station CCS in November 2014. Siderophore family is shown by symbol size and colour: N6 includes ferrioxamine siderophores, N7 includes amphibactin siderophores and N9 includes the marinobactin siderophores whilst Unk indicates siderophores where we were unable to predict molecular formulas (see Table 1). The size of the symbol shows ion intensities normalized to preconcentration volume.



Predicted formulas for three of the unknown N7 siderophores had odd numbers of carbon atoms and these N7 siderophores were therefore not linked directly to structurally characterised amphibactins (Martinez et al., 2003) via extension of fatty acid chains since fatty acid chains typically increase by n=2. However, the abundances of these three N7 unknowns significantly correlated with amphibactins D and E (r>0.9, p<0.01, n=6-7) suggesting a close environmental association between the two types of siderophores and a common producing bacterium cannot be ruled out. Many bacteria can produce and utilise more than one kind of siderophore (Lee et al., 2012).

We were unable to assign a formula to the siderophore identified with m/z 958.505. This siderophore could not thus be linked with the other siderophore groups based on the molecular characteristics alone, although the chromatographic behaviour suggests that this compound may also be associated with the amphibactins (Figure 2).



Siderophore Quantification – Comparison of ICP-MS and ESI-MS Detection

Whilst detection of siderophores in marine samples has been undertaken by both ESI-MS and ICP-MS, a quantitative comparison between the two approaches has yet to be made (Mawji et al., 2011; Boiteau et al., 2016; Bundy et al., 2018; Boiteau et al., 2019). We matched 11 out of 13 peaks appearing in iron ICP-MS chromatograms with those identified by ESI-MS (Figure 3), although overall a lower number of siderophore peaks were observed in iron ICP-MS chromatograms (12) when compared to those detected in the same chromatographic run by ESI-MS (Table 1), likely because of peak co-elution and the difference in detector sensitivity. We observed a good correlation between our ESI-MS and ICP-MS responses for ferrioxamines (r2 = 0.99, n=52, Figure S2), which were present in nearly all samples. Linear relationships between ICP-MS and ESI-MS peak area showed ESI-MS responses for N6, N7 and N9 siderophores were an estimated 36.8 ± 0.6 (n=52), 8.1 ± 0.9 (n=8) and 3.9 ± 0.7 (n=12) times the ion counts observed for corresponding ICP-MS responses (Figure S2). The different sensitivities observed on ESI-MS analysis are likely related to the structural differences between the siderophores (Oss et al., 2010) with N9 siderophores ionising less efficiently than the N6 siderophores. We also noted that some N7 and N9 peaks eluted at very similar retention times (e.g. N7 863.48 eluted with a similar retention time as marinobactin A; Figure 2), thus analysis with ICP-MS detection alone, which relies on identification by retention time, would not have been able to distinguish these two compounds using the chromatographic conditions applied in this study.




Figure 3 | Example chromatograms obtained in November 2014 from CCS (A, C, E) and CS2 (B, D, F) for the chlorophyll maximum (A, B), subsurface samples (C, D) and bottom depths (E, F). The red line is for the abundance of 56Fe obtained by ICP-MS and the blue line the extracted ion chromatogram for the sum of all [M-2H+Fe]+ ions given in Table 1. Ion intensity was normalised relative to extraction volume. Ions are coloured according to siderophore group, with N6 siderophores indicated in grey text, N7 in orange text, N9 in blue text and unknown in green text. The key to peak labels is given in Supplementary Table 2.




Table 1 | Masses ([M+56Fe+H]+) of siderophores identified in shelf waters of the Celtic Sea.



All but two of the iron peaks (peak A and K, Figure 3) could be allocated to an ESI-MS mass. Inability to identify siderophores corresponding to identified iron peaks could have been due to co-elution with other highly abundant ions which can result in suppression of the ESI-MS signal, or because the gallium exchange method did not work for these iron compounds. For example, we cannot detect gallium complexes of enterobactin with our method (results not shown). Our experiments therefore highlighted the utility of simultaneous ICP-MS and ESI-MS detection for the analysis of siderophores in the environment.



Siderophore Diversity and Abundance in Northwest European Shelf Sea Waters

The water column of the Celtic Sea is seasonally stratified. At the start of our spring sampling campaign the water column was fully mixed and stratified over the course of the spring 2015 cruise (Figure 1). In the summer and autumn, the surface mixed layer (SML) was separated from deeper waters by a pronounced density gradient. We determined siderophore diversity and abundance in the three depth horizons (Figure S1 and Figures 4, 5) - the chlorophyll maximum (42-66 m), sub surface (below the chlorophyll maximum and surface mixed layer; 61-84 m) and close to the bottom (within 6 m of the seafloor). We discuss siderophore diversity and abundance in spring and summer first and seperately from autumn, since preconcentration was undertaken at different temperatures and this may have led to systematic bias in our results.




Figure 4 | Depth profiles showing (A) temperature, (B) fluorescence and (C) total siderophore concentrations observed in spring (April 2015) and summer (July 2015).






Figure 5 | Bubble plot showing normalised ion intensities for each siderophore at the chlorophyll maximum (upper panel), subsurface (middle panel) and at the bottom of the water column (lower panel). Ion intensities were normalised for preconcentration volume and as a function of ESI-MS ionisation efficiency using the response for the [M-2H+Fe]+ obtained on detection by ESI-MS, relative to the 56Fe obtained using ICP-MS. The axis text colour indicates the siderophore families identified in the samples, with N6 siderophores indicated in grey text, N7 in orange text, N9 in blue text and unknown in green text.



In spring and summer no marked trends in total siderophore concentrations with depth were observed (Figure 4). The mean total siderophore concentration observed at CCS in April was 4.9 ± 1.1 pmol L-1 (n=3) and in July was 3.8 ± 2.8 pmol L-1 (n=6; Figure 4). We observed up to five different siderophores in our spring and summer samples (Figure 5). Ferrixoamine (N6) siderophores were ubiquitous, and in spring and summer we detected FOG in all but one sample (Figure 5). Ferrioxamine G was the dominant siderophore in summer, but in spring, most of the Fe was associated with peak A, an unidentified compound we did not detect a corresponding peak for using ESI-MS (Figure 3). In addition to ferrioxamines and peak A, trace levels of N7 (Amphibactins T, S, D and B) and N9 siderophores (Marinobactin A and C), were observed sporadically. However none of these siderophores were present at concentrations high enough to be detected by ICP-MS in spring or summer.

In autumn (November 2014), total siderophore concentrations and siderophore diversity on one profile from CS2 and on one profile at CCS, were considerably higher than those observed in spring and summer (Figure S2). The high concentrations of siderophores in these samples facilitated confident identification of compounds in Ga exchange experiments, but it is difficult to be certain that the observed concentrations were not the result of bacterial production of siderophores during preconcentration of the sample. Preconcentration took ca. four days and was undertaken at approximately 20°C (in spring and summer cruises, preconcentration was carried out at 4°C), conditions which are potentially favourable for growth of copiotrophic bacteria, which are likely responsible for siderophore production (Vraspir and Butler, 2009). We suggest that although concentrations could be biased, variations in the occurrence of individual siderophores likely reflect potential for siderophore production in the ambient bacterial population. In this regard, we note a trend in the occurrence of the different groups of siderophores with depth. Ferrioxamines (N6) were the dominant siderophore at the chlorophyll maximum in November, whilst N7 siderophores were more abundant in subsurface samples, and N9 siderophores were more abundant in bottom waters (Figure 5). Taken together with previous reports on the distributions of siderophores, our work supports suggestions that production of siderophores could be highly dynamic although N6 siderophores appear to be somewhat ubiqitous (Mawji et al., 2008; Boiteau et al., 2016; Velasquez et al., 2016; Bundy et al., 2018). We also note that marinobactins are mixed α-hydroxy carboxylate siderophores and, when complexed to iron, have greater sensitivity to photochemical degradation than hydroxamate type siderophores (Barbeau et al., 2003). Thus, it was notable that N9 siderophores were most abundant below the photic zone, as recently observed for petrobactins, another photosenstive type of siderophore (Manck et al., 2021). We suggest that the bacterial species responsible for N9 production may be more abundant in sub photic zone environments, where photochemical breakdown of siderophores would not occur. The proximity of our bottom sample to the sediment also highlights a potential sedimentary source for N9 siderophores.



Impact of Siderophores on Dissolved Iron Speciation in the Water Column

The siderophores we detected in our samples are one component of a complex mix of inorganic and organic counter ions and binding sites that are present in seawater (Gledhill and Buck, 2012). DOM comprises a heterogeneous mixture of an estimated 105 different molecules, likely present at individual concentrations of < 10 pmol L-1 (Zark et al., 2017). Siderophores compete for iron with hydroxide ions and with other binding sites in DOM, which have been shown to have humic-like binding characteristics (Laglera et al., 2019; Lodeiro et al., 2020; Whitby et al., 2020; Fourrier et al., 2021; Zhu et al., 2021a). Although the majority of these binding sites will not have a high enough affinity for iron to compete with the hydroxide ion, a small portion have structures that facilitate metal binding and a further fraction of these ions may be sufficiently strong enough to compete with siderophores, particularly when dissolved iron concentrations are low (Gledhill and Gerringa, 2017; Lodeiro et al., 2020). Binding site heterogeneity also means that the relative distribution of iron between the different competing groups (i.e., siderophores and humic substance-like binding sites in DOM) will not remain constant as iron concentrations change (Gledhill and Gerringa, 2017). Here, we use a combined ion-pair NICA-Donnan model to assess competition between siderophores and humic substance-like binding sites present in DOM and calculate the distribution of iron between the different chemical groups. For iron we consider four reactions that comprise the major competitors for the free iron ion (Fe3+): Equation (1) - iron binding to aqueous inorganic ions (Fe′), of which the most important counter ions for iron in seawater are the hydroxides (Turner et al., 1981), equation (2) - iron binding to binding sites in DOM (FeDOM), equation (3) - iron binding to siderophores (Sid), and equation (4) formation of solid iron hydroxides (which could be colloidal), as outlined in Zhu et al. (2021b, 2021a).









We calculated speciation at two total iron concentrations: a high iron environment (iron concentration = 1.9 nmol L-1) and a low iron environment (iron concentration = 0.3 nmol L-1). These concentrations are representative of the highest and lowest dissolved iron concentrations observed at CCS below the surface mixed layer and in the surface mixed layer at the times our siderophore samples were collected (Birchill et al., 2017).

We calculated the distribution of iron species as a function of siderophore concentration (Figure 6). As expected, the proportion of FeSid increases with increasing siderophore concentrations, however as siderophore concentrations approach the iron concentration, the increase becomes non-linear. In the high iron scenario, where calculated Fe3+ concentrations exceed its solubility limit (Zhu et al., 2021a), increasing siderophore concentrations do not impact on Fe′ or FeDOM until the siderophore concentration is in excess of Fe(OH)3(s), which in our scenario equated to a total siderophore concentration close to 1 nmol L-1. Therefore, when Fe3+ is oversaturated with respect to Fe(OH)3(s), siderophore production first prevents the formation of Fe(OH)3(s). At concentrations of total siderophore below 1 nmol L-1, we calculate a constant Fe´ concentration of 170 pmol L-1, since Fe´ is determined directly by the saturation concentration of Fe3+ at the applied pH and temperature (Zhu et al., 2021a). However, we highlight that the highest siderophore concentrations observed in our study below the SML were well below 1 nmol L-1 (Figure 4). The calculated FeSid concentrations would thus be close to or lower than both Fe′ and FeDOM below the SML at stations CCS and CS2. Our calculations are therefore in contrast to previous calculations based on conditional stability constants, where FeSid was determined to be higher than Fe´, but the heterogeneity of DOM binding sites was not considered (Bundy et al., 2018). In the low iron scenario, Fe3+ concentrations were undersaturated, so formation of Fe(OH)3(s) was not predicted in our calculations. Consequently, increasing siderophore concentrations resulted in reduced Fe′ and FeDOM. However, FeSid did not become the dominant species until the total siderophore concentration was 50% of the total dissolved iron concentration, and even when the total siderophore concentration is equal to the total dissolved iron concentration then approximately 25% of DFe was calculated as bound to the humic substance-like binding sites in DOM. These calculations are thus consistent with the apparent undersaturation of siderophores isolated from seawater observed in other studies (Boiteau et al., 2016; Manck et al., 2021).




Figure 6 | Calculated species distributions for 0.3 (left panels) and 1.9 nmol L-1 (right panels) iron concentration expressed as the concentration of the species ([FeSpecies]) divided by the concentration of iron ([Fe]). Iron concentrations (pmol L-1) are indicated by the vertical black line and were representative of dissolved iron concentrations observed in the chlorophyll maximum (Chl maximum) and close to the sediment (Bottom) respectively. Top panels show the abundance of inorganic Fe (Fe´), Fe bound to dissolved organic matter (FeDOM), Fe bound to siderophores (FeSid) and Fe present as (Fe(OH)3(s) relative to the total iron concentration as a function of increasing total siderophore concentration. Bottom panels show the proportion of iron bound to siderophores relative to the total siderophore concentration as a function of increasing total siderophore concentration.



There is still some uncertainty in these calculations relating to the parameters chosen to describe FeDOM and the degree of DOM heterogeneity, strongly influences the relationship between Fe′ and total dissolved iron concentrations (Zhu et al., 2021a; Zhu et al., 2021b). In particular, the degree of heterogeneity as represented by the non-ideality constant (n) has been shown to be quite variable (Lodeiro et al., 2021; Zhu et al., 2021a; Zhu et al., 2021b). Furthermore, parameters derived for the phenolic-like binding sites in marine DOM appear to be subject to some uncertainty and variability, likely because phenolic-like binding sites are relatively less abundant in marine DOM and thus harder to constrain in both proton and iron titration experiments (Lodeiro et al., 2021; Zhu et al., 2021b). Nevertheless, our results suggest that at low DFe concentrations, high affinity binding sites in the heterogeneous DOM pool could be effective competitors for siderophores. An important consequence of this is that it would be very difficult to distinguish siderophores from humic substance-like binding sites present in marine DOM by titration techniques typically applied to investigate iron speciation in seawater (Gledhill and van den Berg, 1994; Croot and Johansson, 2000; Buck et al., 2007; Gerringa et al., 2021). The often used categorisation into ligand groups based on conditional stability constants is thus not as well defined as previously suggested (Gledhill and Buck, 2012).




Conclusions

Our results add to the growing evidence that siderophore production occurs widely in the marine environment and many marine bacteria possess the ability to produce (and utilise) siderophores. Nevertheless the impact of siderophore production on iron biogeochemistry is not straightforward. The heterogeneous distribution of binding sites in the humic-like component of marine DOM means that a proportion of the humic-like binding sites could be effective competitors with siderophores. The binding of iron to siderophores is thus likely to be influenced by the distribution of binding site strengths (i.e. intrinsic heterogeneity) of the humic substance-like component of marine DOM and the dissolved iron concentration and attribution of different conditional binding site strengths (i.e. conditional stability constants) to the presence of different types of compounds should therefore be avoided. Considering siderophores are often cited as being an iron acquisition strategy designed to increase iron availability to the producer, our prediction that the siderophore concentrations we observed at depth could be lower than Fe´ is surprising given Fe´ is considered the most bioavailable form of iron (Shaked and Lis, 2012). It should be born in mind that our findings are influenced by both the binding parameters used in the NICA model, and the thermodynamic constants used to describe the siderophore pool and further derivations of both NICA parameters and thermodynamic constants for marine siderophores would therefore be useful and further constrain the resultant speciation calculations. Nevertheless, if we further consider the energetic cost of siderophore production and the likelyhood of siderophore retrieval by producers (Völker and Wolf-Gladrow, 1999; Niehus et al., 2017), our results could point towards a key role for microenvironments such as gels, biofilms or particles where conditions maybe more favourable for siderophore production and retrieval than in the bulk seawater examined in our study. Further studies that combine investigations of siderophore abundance with determination of iron speciation in a way that fully accounts for DOM binding site heterogeneity and ambient physico-chemical conditions are therefore required to unravel the complex drivers that likely influence the abundance and diversity of siderophores in the ocean and their impact on iron biogeochemistry.
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Mass: charge [M-2H+°°Fe]* Monoisotopic mass Retention time® Predicted Formula Delta ppm Family Identity

640.2522 586.33 29 CoeHasFeNsOg 1.3 Ne Ferrioxamine D2
654.2669 600.35 3.8 Ca7HasFeNsOg 2.8 Ne Ferrioxamine E
658.2619 604.34 1.6 CoeHasFeENgO10 0.05 Ne Ferrioxamine G2
672.2779 618.36 2.0 Co7Ha7FeNgO10 0.5 Ng Ferrioxamine G
857.3846 803.46 86 CaeHeaFeN;015 2.1 N7 Amphibactin T
883.4004 829.48 89 CagHesFeN;O13 22 N7 Amphibactin S
885.4156 831.49 9 CagHesFeN;O13 1.7 N7 Amphibactin D
901.411 847.49 9.4 CagHgsFeN7014 22 N7 Amphibactin B
911.4298 857.51 9.2 CaoHesFeN7013 0.08 N7 Amphibactin E
913.4473 859.52 9.6 CaoHroFeN;015 2.1 N7 Amphibactin H
915.4265 861.50 9.3 CagHesFeN7O14 20 N7

917.4022 863.48 7.4 CagHesFeN;O1s 19 N7

921.4141 867.50 89 Ca1HesFeN;O13 0.02 N7

937.4089 883.49 9.4 Ca1HesFeN;O14 0.1 N7

939.4608 885.54 9.6 CiyoH72FeN7043 0.2 N7z Amphibactin |
945.4350 891.52 8.3 CaoHzoFeN7015 0.2 N7

957.375 903.46 6.8 CagHg2FeNgO16 0.1 Ng

958.505 904.59 9.8 Unassigned

985.4035 931.49 7.7 CuaoHesFeNgO16 15 Ng Marinobactin A
1011.42 957.50 8 CuazHesFeNgO16 0.6 No Marinobactin B
1013.435 959.52 8.4 CaoHzoFeNgO1g 13 Ng Marinobactin C
1039.454 987.54 8.6 CuaH72FeNgO16 2 Ng Marinobactin E
1045.424 991.51 7 CuoH7oFeNgO1g 2 Ng

1059.405 1005.49 5.6 Ciy2HgsFeNgO1g 0.3 Ng

“Determined for analysis (1) and (2) as described in the methods.
Also provided are the monoisotopic mass for the iron free form of the siderophore, the retention times using conditions applied for siderophore identification, predicted formulas together
with the difference in mass between the observed and predicted [M-2H+6Fe]* ion and, where possible the assigned identity.





