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Incorporation of Hydroxamate Siderophore and Associated Fe Into Marine Particles in Natural Seawater
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Microorganisms produce soluble low-molecular-weight (LMW, <1 kDa) siderophores, one of the strongest Fe-binding agents, to respond to the scarcity of Fe in the ocean. The presence of siderophores in marine particles/colloids is mostly not considered. Here, experimental evidence is provided to suggest the possibility of siderophore incorporation into marine particles. An incubation experiment with a 59Fe-complexed desferrioxamine (DFO, siderophore-model compound) was conducted using natural seawater (<3 μm) at dark condition to examine the size re-distribution of DFO and its associated Fe during microbial growth. 59Fe and DFO in suspended particles/aggregates, colloids and dissolved phase were quantified after the incubation. Our results showed that ∼55% of the 59Fe, originally in the form of LMW DFO-Fe, was incorporated in the suspended particles/aggregates. Noticeably, a minor amount (0.395 ± 0.020%) of the DFO was incorporated into the particulate phase. This finding is novel in that while the DFO facilitating Fe incorporation into microbial biomass was released back into the dissolved phase, still a minor fraction of the siderophores could be “retained” in particles. This could have become cumulatively more important in more complex natural systems that involves the interplay between minerals, bacteria, phytoplankton and zooplankton. Furthermore, our results indirectly suggest a balance of two different mechanisms during the Fe-siderophore transport. Our results are in favor of the processes occurring outside of the cells (Fe dissociation from the Fe-siderophore complex followed by the microbial Fe uptake) but the second mechanism can also exist (uptake of intact Fe-siderophore complex into the microbial intracellular fractions), albeit to a lesser extent.
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INTRODUCTION

Dissolved Fe (dFe) concentrations are at trace levels (≤1.0 nM) in the ocean compared to particulate Fe which consist of 74–99% of the total Fe pool (Boyd et al., 2010; Lam et al., 2012; Buck et al., 2015) although dFe concentration can be higher than 1.0 nM in deeper ocean (Bennett et al., 2008; Nishioka et al., 2013). This low dFe concentration can limit microalgal productivity (Quigg, 2016) by as much as 30–40% in the upper water column of oceans, particularly in high-nutrient, low-chlorophyll (HNLC) regions (Boyé et al., 2001; Moore et al., 2013; Fitzsimmons et al., 2016; Nishioka and Obata, 2017). In response to the scarcity of Fe, microorganisms produce a variety of Fe-binding ligands, e.g., siderophores, that create highly soluble forms of dFe by chelation that are then transformed to bioavailable Fe through microbial enzymatic solubilization reactions (Morel and Price, 2003; Gledhill and Buck, 2012; Hassler et al., 2015). As a consequence, essentially ≥99% of dFe in the ocean is complexed by naturally occurring organic ligands, of which some have been characterized as siderophores (Butler, 2005; Mawji et al., 2008; Boiteau et al., 2016, 2019; Bundy et al., 2018; Yarimizu et al., 2019).

Siderophores are typically multidentate, oxygen-donor ligands that include hydroxamate, catecholate, or α-hydroxy-carboxylate types, produced by microorganisms. Overall stability constants range from 16 to 62 (in terms of log, Boukhalfa and Crumbliss, 2002) at 25°C for complexation of Fe(H2O)63+ by the fully deprotonated ligand of hydroxamates showing a strong denticity effect on the redox potential, that enhances the stability of Fe(III) toward reduction. The presence of siderophores have been widely demonstrated to be ubiquitous in the ocean, regardless of the Fe status (Kraemer et al., 2005; Mawji et al., 2008; Ibisanmi et al., 2011; Gledhill and Buck, 2012). Most importantly, siderophore compounds are commonly detected only at low-molecular-weight (LMW, typically <1 kDa or 3 kDa) range in the ocean (Macrellis et al., 2001; Mawji et al., 2011), and the presence of siderophores in high-molecular-weight (HMW) range [i.e., marine particles (>0.4 μm)/colloids (1 kDa/3 kDa–0.4 μm)] are usually not considered or not measured in field work, due to the difficulty and high requirement in experimental condition to directly measure the particulate siderophore. Nevertheless, few studies (Chuang et al., 2013; Velasquez et al., 2016; Xu et al., 2020) have detected the presence of siderophore compounds in concentrated marine particles (e.g., sinking particles in sediment trap and marine colloids after natural seawater being concentrated by >100 times with ultrafiltration technique), implying the potential incorporation of siderophore into marine particles in the water column. However, direct evidence for this incorporation is still insufficient, while it can provide new insights into the transport and cycling of Fe in the ocean.

To examine the possible size re-distribution of originally LMW siderophore compounds during the microbial growth in seawater, as well as the transport of siderophore-complexed Fe, 59Fe was initially complexed with an hydroxamate siderophore model compound, followed by laboratory microbial incubation in filtered natural seawater. After the incubation, the partitioning of both 59Fe and siderophore model compound among dissolved, colloidal and particulate phases was determined. The main goal of the present study is to provide direct evidence for the partitioning of siderophore into marine particles using controlled laboratory experiments since observations for the existence of particulate siderophores in field samples from marine environments are still limited. The experimental data is further used to provide indirect evidence for the mechanisms responsible for the observed partitioning of Fe and siderophore in seawater. Furthermore, it can also provide new insights into the sources of the organic Fe- and other Fe-like trace metal-binding ligands in the particles that sink into the deep ocean.



MATERIALS AND METHODS


Natural Seawater Culturing With Radiolabeled Siderophore

The incubation procedure, basically based on the procedure described in Xu et al. (2011), and culturing medium are briefly shown in Figure 1. Natural seawater was collected from the northern Gulf of Mexico (5 m of water depth, pH = 8.0, Salinity = 35, collected at NOAA center of Galveston island, TX, United States). The Northern Gulf of Mexico connects with more than 16 major estuarine systems and a number of smaller ones, with consistent river discharge and terrestrial inputs of nutrients and trace metals. Our seawater sampling location is close to the coastal areas and may not be a Fe-limited system, with certain abundance of nutrients (e.g., dissolved inorganic nitrogen of 10 μM and phosphate of 1.4 μM, Xu et al., unpublished data). For the culturing medium, this GOM seawater was filtered through 3 μm polycarbonate filters (Millipore) to remove most of the phytoplankton and their attached bacteria. Most of the free bacteria will stay in the <3 μm seawater filtrate, which was then used for the incubation experiment at the same day of sampling and filtration.
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FIGURE 1. Brief procedure schematic for the incubation of Fe-DFO complex in northern Gulf of Mexico seawater. <3 μm GOM seawater and autoclaved <3 μm GOM seawater [i.e., “negative” control (without 59Fe) and “positive” control (with 59Fe)] are both amended with carbon, nitrogen, and phosphorus sources in a Redfield ratio (i.e., 70.76 μM glucose, 64 μM NH4Cl, and 3.6 μM NaH2PO4).


For incubation, carbon, nitrogen and phosphorus sources were added into the natural seawater in a Redfield ratio for the culturing medium (i.e., 70.76 μM glucose, 64 μM NH4Cl and 3.6 μM NaH2PO4, in ACS grade, Sigma-Aldrich). Prior to the culturing, the 59Fe-labeled siderophore was first prepared by a reaction of 59Fe (present in the form of 59FeCl3 in carrier free solution, PerkinElmer) with a siderophore model compound (desferrioxamine, DFO, ≥92.5%, Sigma-Aldrich) in ultrapure water for 3 days. Since DFO was amended at μM levels (1 μM), much higher than the chemical concentrations of 59Fe (2 fM), we can safely assume that all the 59Fe was complexed with DFO based on the high overall stability constant value of Fe-DFO complex (30.7 at 25°C in terms of log, Boukhalfa and Crumbliss, 2002).

59Fe-complexed DFO was then added to the seawater and incubated on a shaker at 150 rpm. All experiments were conducted in duplicate and in trace-metal-clean and dark condition at room temperature. One non-radiolabeled sample group was also included in the experiment, with the addition of non-radiolabeled DFO to determine the partitioning of DFO after the incubation. These non-radiolabeled samples were also used for monitoring the growth status of bacteria in the culture, measured as the change in optical density at 600 nm wavelength (OD600) with a UV-Vis spectrometer (Xu et al., 2011). It should be also mentioned here that in addition to free bacteria, 3 μm-filtered seawater can still contain small phytoplankton and mineral particles, which could contribute to the Fe and DFO partitioning, although the activity of small phytoplankton is limited due to the dark incubation condition.

In addition to the different treatments in this experiment, control samples were also included. Filtered GOM seawater (<3 μm) but autoclaved prior to the experiment was treated in the same way as the other treatment mentioned above: one with the addition of 59Fe-DFO (“positive” control, Figure 1) and another one with the addition of non-radiolabeled DFO (“negative” control, Figure 1) to monitor any potential influence of other particulate/colloidal sources (e.g., air dust) and abiotic scavenging on the partitioning of 59Fe and DFO.

After reaching the exponential phase (usually less than 1 week), the culture samples were filtered by 0.45 μm polycarbonate filters (Millipore) to quantify the incorporation of 59Fe and DFO into suspended particles/aggregates. Furthermore, the filtrate was further ultrafiltered using 3 kDa Microsep centrifugal filter tubes (Millipore) to collect the colloidal and dissolved (<3 kDa) phases. Therefore, the partitioning of 59Fe among particulate, colloidal and dissolved phases after incubation can be quantified through the gamma counting of the 59Fe activity using a Canberra ultra-high purity germanium well-type detector at 1099 keV. The samples were counted for enough time to obtain counting errors lower than 5%. The partitioning of Fe was presented in terms of 59Fe activity percentage in different phases, i.e., particulate/colloidal/dissolved 59Fe activity concentration divided by the total 59Fe activity concentrations (sum of particulate, colloidal and dissolved 59Fe activity concentrations).



Measurement of Hydroxamate Siderophore

The non-radiolabeled culture was also filtered and ultrafiltered for the measurement of size-fractionated DFO concentrations, using a modified “Csaky” method (Gillam et al., 1981; Xu et al., 2015, 2020). For the measurement of DFO in particulate phases, the suspended particles/aggregates were pretreated overnight with 5 mL of 10% HF on an orbital shaker at room temperature. After centrifugation to separate the HF from the sample, the pellet was thoroughly rinsed with 1 M HCl to eliminate any residual HF. The above extractant from suspended particles/aggregates, as well as colloidal and dissolved samples, were hydrolyzed by 1 mL of 3 M H2SO4 at 100°C for 4 h, with a hydrolysis rate of 20% for DFO (Xu et al., unpublished data). Two aliquots of the hydrolyzed solution were transferred into two screw capped glass test tubes, including one as a sample and the other one as a control to correct for interferences contributed by other organic compounds to the absorbance. After the addition of color producing reagent (α-naphthylamine, 0.05% wt/vol, and Sigma-Aldrich) and allowing the samples to stand for 18 h at room temperature, the absorbance was measured at 543 nm with a UV-Vis spectrometer (BioTek Epoch Plate Reader). Acetohydroxamic acid (AHA, ≥98%, Sigma-Aldrich) was used as the calibration standard. Our modified Csaky method has a detection limit of 1.5 μg-AHA equivalent/g-particles, with a precision better than 10% (Xu et al., 2015). It should be mentioned that we noticed a “browning” effect of this method when analyzing natural particle samples, likely caused by interactions with H2SO4 (Xu et al., 2020). This “browning” effect can then be corrected by subtracting the absorbance of a control sample aliquot without the addition of the coloring reagent. All the acids used above are in ACS grade, from Fisher Scientific.




RESULTS


Size Distribution of Fe in the Culture

The mass balance of 59Fe in control samples and treatment samples was determined to assess possible losses during the incubation, e.g., wall effects. In general, the total recovery of 59Fe were all close to 90% (Figure 2), indicating that only minor losses of 59Fe during the incubation experiments. The losses of 59Fe were considered not being participated into the microbial growth in the present study since the adsorption losses of metals are usually irreversible under neutral conditions.
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FIGURE 2. Partitioning of 59Fe (left) and DFO (right) among suspended particles/aggregates (0.45 μm), colloids (3 kDa–0.45 μm), and dissolved phase (<3 kDa) after the incubation in northern Gulf of Mexico seawater. Fe loss fraction (∼10%) is presented here, calculated from the difference between the total added 59Fe concentration and the sum of particulate-colloidal-dissolved 59Fe concentrations, which is considered not having participated into the microbial processes. *DFO is undetectable in the colloidal phase and only 1.4% of the total 59Fe was observed in the colloidal phase.


The partitioning of 59Fe among particulate, colloidal and dissolved phases after the incubation is shown in Table 1 and Figure 2. In contrast to the “positive” control samples (i.e., without particles/biomass in autoclaved seawater, Figure 1) showing all the 59Fe was detected in the dissolved phase, 55.0 ± 8.4% of the 59Fe was incorporated into the suspended particles/aggregates after the incubation (Table 1). Only 1.4 ± 0.1% of the 59Fe was found to be partitioned into the colloidal phase, leaving 43.6 ± 8.4% of the 59Fe in the dissolved fraction (Table 1). The significant difference between control (i.e., without microbes presence) and treatment samples demonstrated that the observed size partitioning of 59Fe was only resulted from the microbial processes in natural seawater, while the potential influence of other particulate/colloidal sources (e.g., air dust) and abiotic scavenging can be negligible, based on 100% of 59Fe remaining in the LMW dissolved phase for the control sample.


TABLE 1. Partitioning of 59Fe and DFO among suspended particles/aggregates (0.45 μm), colloids (3–0.45 μm), and dissolved phase (<3 kDa) after the incubation in northern Gulf of Mexico seawater.
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Partitioning of Hydroxamate Siderophore in the Culture

Similar to the 59Fe, all the DFO in the “negative” control samples (Figure 1) was also observed to be only present in the LMW dissolved phases, suggesting that an abiotic process for DFO partitioning is minimal in our experiment. However, even though the 59Fe and DFO were originally present as a chelate before the incubation, our results showed distinctly different size distribution between 59Fe and DFO after the microbial growth. The mass balance of DFO in the treatment samples was close to 100%, with most of the DFO remaining in the LMW dissolved fractions (>99%) and leaving only 0.395% (±0.020%) of the DFO in the particulate phases after the incubation (Table 1), and undetectable DFO in the colloidal phase (Figure 2). Such a significant difference in microbial-derived size partitioning between 59Fe and DFO (55% vs. ∼0.4% in the particulate phase, Figure 2) is interesting, as it demonstrates their distinct transport pathways during microbial uptake and the incorporation into the suspended particles/aggregates.




DISCUSSION

Fe is one of the most important micronutrients for the microbial growth and primary production in the ocean (Quigg et al., 2011, 2016), with most of the Fe being associated with strong organic ligands. In the present study, the Fe participates into the microbial growth process in the form of LMW Fe-siderophore complexes, one of the strongest Fe organic ligand compound in aquatic environments (Macrellis et al., 2001; Vong et al., 2007; Gledhill and Buck, 2012). Our observed incorporation of Fe into particulate phases (i.e., the Fe uptake by microbial) can be expected (Figure 2), consistent with the previous studies (e.g., Hutchins et al., 1999) showing the biological availability of the Fe-complexed siderophore to marine microbes (e.g., marine prokaryotes). Nevertheless, the DFO did not follow the size partitioning of Fe and their size partitioning had differed from each other after the incubation (Table 1 and Figure 2). This suggests that when Fe in the siderophore complexed form was transported from the dissolved to the particulate phase, most of the siderophore compound was released back into the LMW dissolved fraction after the siderophore compound finished its Fe-transport mission in the ocean. However, there still have been a minor amount of siderophore moieties that ended up in the particulate fraction. This observation of a minor amounts of siderophore compounds may partially explain why the field investigation in the ocean only detected siderophore compounds in the LMW fractions (Macrellis et al., 2001; Mawji et al., 2011), resulting in only scarce evidence for the presence of siderophore in marine particles. Concentrated marine particles, either from large volumes of natural seawater or from sediment traps (Chuang et al., 2013, 2015; Velasquez et al., 2016) are needed to detect the presence of particulate siderophore compounds in field sampling.

The observed partitioning of siderophore moieties into the suspended particles/aggregates could have resulted from several different mechanisms although one single mechanism cannot be identified completely with the present data. Nevertheless, our observed partitioning of Fe and DFO may still provide some indirect support for the following mechanisms (Figure 3).
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FIGURE 3. Conceptual figure showing the transport pathway for the siderophore to the marine biomass/particles in the ocean.


First, different partitioning between Fe and DFO although they are initially complexed with each other (Figure 2) demonstrates the decomposition of the ferric complex by microbial cellular processes during the Fe uptake in seawater, corresponding well with previous studies indicating the exchange and release of Fe from a Fe-siderophore to an Fe-free organic receptor on the microbial cells (Leong and Neilands, 1976; Stintzi et al., 2000; Hannauer et al., 2010). During this course of the Fe release and transport, ligand exchange and redox-facilitated ligand exchange occurring concurrently give rise to a very stable Fe-siderophore complex with a negative redox potential, resulting in the reduction of Fe(III) to Fe(II) as a sensitive switch that facilitates the dissociation of Fe from the siderophore complex (Cooper et al., 1978; Dhungana and Crumbliss, 2007). During such a process, the Fe release from Fe-siderophore complex may be rapid without the penetration of the Fe-siderophore complex into the cellular matrix (Leong and Neilands, 1976; Dhungana and Crumbliss, 2007), thus resulting in the release of the siderophore back to the surrounding seawater (Figure 3). Additionally, our observed minor partitioning of particulate siderophore (Figure 2) also indicates another mechanism at work, consisting of slower uptake of the intact Fe-siderophore complex by the microbial cells (Leong and Neilands, 1976, black dash arrow in Figure 3) and transformation into more bioavailable Fe forms afterward inside the cells.

Therefore, our observed partitioning of the DFO (i.e., over 99% of the dissolved DFO and 0.4% of the particulate DFO, Figure 2) after the microbial growth may indirectly suggest that the balance of the two mechanisms (Figure 3) during the Fe-siderophore transport in natural seawater is in favor of the processes occurring outside of the cells (i.e., Fe dissociation from the Fe-siderophore complex followed by the microbial Fe uptake) but that the second mechanism also exists (i.e., the uptake of intact Fe-siderophore complex into the microbial intracellular fractions).

A microbially derived protein encapsulating mechanism can also serve as an alternative pathway (Xu et al., 2020) for the incorporation of Fe-siderophore complex into suspended particles/aggregates in the present study. For example, ferritin proteins, which are produced by marine microbes for Fe storage (Marchetti et al., 2009; Shire and Kustka, 2015), have been demonstrated to encapsulate siderophores into cavity-like structures (Dominguez-Vera, 2004), probably facilitating the incorporation of Fe-siderophore complex into the microbially-derived marine particles in our experiments. Nevertheless, the mechanisms responsible for this incorporation are still not clear and further studies are needed in future, either from the laboratory or field perspective in seawater.

Regardless of the mechanisms, our experimental results provide a minimum estimate for siderophore incorporation into marine particles, since in our experiment we only used one model siderophore compound (i.e., DFO), yet in the natural environment there are many other siderophore compounds that have yet to be identified to be involved. Our observation suggests that although this fraction is minor, siderophores can be indeed retained in the particulate phases after microbial uptake of Fe, providing direct evidence for the incorporation of the siderophore compounds and their associated Fe into the marine particles in the ocean. Nevertheless, it should be mentioned that our samples were enriched with carbon source and nutrients (see section “Natural seawater culturing with radiolabeled siderophore”), higher than some open oceanic environments. Thus, the partitioning of siderophore into marine particles in the open ocean can be less dynamic (e.g., the processes in the open ocean can take more time) compared with the observation in the present study.

On the other hand, since the siderophore compound has a strong association with Fe, with the Fe-siderophore complex remaining intact without microbial processes, this may imply that the siderophore compounds can serve as one of the carriers for the Fe being removed into the deeper ocean, corresponding with the field observation in the deep North Atlantic Ocean (e.g., 3200 m) showing considerable fractions of the Fe-carrying organic molecules that were identified to contain hydroxamate siderophore functionalities (Xu et al., 2020).

Considering our incubation medium only included the bacteria, the incorporation of the particulate siderophore compounds could have become cumulatively more important in a more complex natural oceanic system that involves the interplay between bacteria, phytoplankton, zooplankton, and mineral particles. Phytoplankton are well-known to excrete a high abundance of expolymeric substances (EPS), enriched in proteins and polysaccharides, to the surrounding seawaters during their growth (Hassler et al., 2011; Quigg et al., 2016; Lin et al., 2017, 2020). Particle aggregation can occur by hydrostatic interaction of EPS containing a variety of negatively charged functional groups, resulting in hydrogen and metal ion bonding, as well as hydrophobic interactions that can lead to physicochemical cross linking (e.g., resulting in the protein/carbohydrate ratio being predictive for particle aggregation; Santschi et al., 2020). Such processes could have also happened in the present experiment and could have been responsible for the formation of this particulate hydroxamate siderophore compound, which may be enhanced in the more complex natural oceanic system due to the additional EPS contribution from phytoplankton and zooplankton. Similarly, the presence of the mineral particles in natural oceanic systems might also enhance the incorporation of siderophore compounds into marine particles via surface attachment and relatively weak forces (e.g., ionic interactions; Upritchard et al., 2007; Barber et al., 2017). Therefore, one could expect that siderophore compounds would be more abundant in marine particles than we observed here, especially in the upper water column where microbes are more abundant.

Last but not least, trace metals and radioisotopes (i.e., Th and Pa) with high particle affinity and similar binding properties to Fe, which have been used as tracers for oceanic geochemical processes, might follow the same pathways, i.e., the dissolved metal-siderophore incorporation into the marine particles, a relatively larger portion of metal yet a smaller amount of siderophore-like moieties fixed within sinking particles.
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