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ABSTRACT 12 

The bioavailability of iron (Fe) across marine ecosystems, mainly determined by Fe 13 

speciation and species-specific requirements of phytoplankton, remains largely unresolved. 14 

Siderophores are relevant within the pool of organic ligands that control organic Fe 15 

speciation. The effect on growth and physiology of the diatom Skeletonema costatum 16 

following addition over time of the uncomplexed siderophores (apo-form) desferrioxamine B 17 

and enterobactin were studied in the laboratory. The diatom was grown in batch culture in 18 

concentration gradients up to 50 and 10,000 nM for enterobactin and desferrioxamine B 19 

respectively. The potential effect of siderophore degradation was analyzed by electrospray 20 

ionization mass spectroscopy (HPLC-ESI-MS). Growth of S. costatum was negatively 21 

correlated to desferrioxamine concentration. In treatments where more than 500 nM was 22 

added, growth was negligible until day 9 after which significant growth started. Fe uptake at 23 

day 9 was highest at 10,000 nM, while the Fe quota was the lowest. The addition of 24 

enterobactin had a negative effect on the abundance, the in-vivo fluorescence and the Fe 25 

quota in S. costatum only at the highest concentration of 50 nM, while the in-vivo 26 

fluorescence was enhanced at the lowest concentration. The bacterial abundance over time 27 

was also negatively correlated to the concentration for both siderophores, but at day 9 the 28 

bacterial uptake showed an increase proportional to the siderophore concentration. HPLC-29 

ESI-MS analysis revealed the presence of tentative metabolites of desferrioxamine in 500 and 30 

10,000 nM indicating changes in concentration of the apo-siderophore. In the presence of 31 



 

cathecolate and hydroxamate siderophores, S. costatum exhibited the capacity for different Fe 32 

uptake strategies. The late growth exhibited and the high Fe uptake after prolonged Fe-33 

limited growth, suggests that Fe reduction at cell’s membrane may be facilitated by possible 34 

degradation of desferrioxamine by the associated bacteria. The results emphasize the need for 35 

studying Fe bioavailability of algae together with the interacting bacterial community. 36 

1. INTRODUCTION 37 

At current seawater pH and oxygen content, the thermodynamically stable form of dissolved 38 

Fe (DFe) is present at very low concentrations (<0.5 nM) in surface ocean waters (Johnson et 39 

al., 1997). More than 99% of DFe is kept soluble by complexation with organic ligands  40 

(Gledhill and van den Berg, 1994; Rue and Bruland, 1995). Because Fe is an essential 41 

element for growth, marine microorganisms have developed strategies to increase its uptake. 42 

For bacteria, production and release of specific iron chelators such as siderophores constitute 43 

an adaptive response. These molecules may form part of the pool of organic ligands that 44 

solubilize environmental Fe hydroxides and maintain their solubility for biological uptake. 45 

From coastal to oceanic ecosystems, several types of siderophores have been isolated and 46 

identified for different bacteria (Vraspir and Butler, 2009), and yet there is no complete 47 

understanding of the contribution of individual siderophores to the dissolved pool of Fe due 48 

to the analytical challenges of detecting low concentrations (Gledhill and Buck, 2012).  49 

While no eukaryotic phytoplankton have been found to excrete siderophores to date, the  50 

findings on the use of these organic ligands by marine phytoplankton have been ambiguous 51 

(Hopkinson and Morel, 2009). Although substantial advancements has been achieved in the 52 

underlying mechanisms (Lis et al., 2015; Shaked and Lis, 2012), there is still a limited 53 

understanding of the bioavailability of Fe when complexed by these compounds. For 54 

instance, whether the differences in the bioavailability between these compounds have effects 55 

on the composition of phytoplankton assemblages or rates of primary production across 56 

marine ecosystems (Kustka et al., 2015). Studies conducted to assess the bioavailability of 57 

siderophores to eukaryotes have produced mixed results. Most of these studies involve the 58 

use of the fungal siderophore desferrioxamine B, of which several have showed negative 59 

effects on bioavailability (Eldridge et al., 2007; Eldridge et al., 2004; Hassler et al., 2011; 60 

Hutchins et al., 1999a; McKay et al., 2005; Wells et al., 1994; Wilhelm et al., 2013). 61 

However, other studies have revealed that eukaryotes have generally low but variable uptake 62 

capacities for different Fe-siderophore complexes (Hutchins et al., 1999b). Further studies 63 



 

have suggested that some eukaryotic phytoplankton can acquire Fe from siderophore 64 

complexes through reduction on the cell surface followed by uptake. Among those 65 

siderophores are desferrioxamine B (Kustka et al., 2005; Maldonado et al., 2001; Shaked et 66 

al., 2005; Strzepek et al., 2011), ferrioxamine E (Maldonado and Price, 1999; Soria-Dengg 67 

and Horstmann, 1995), enterobactin and aerobactin (Kustka et al., 2015; Maldonado and 68 

Price, 1999; Strzepek et al., 2011).  69 

Most studies suggest that eukaryotic phytoplankton from high nutrient and low chlorophyll 70 

(HNLC) waters appear to be more adept at acquiring Fe bound by siderophores than most 71 

coastal species, as the result of selective pressures induced by Fe scarcity. Consequently,  72 

there has been much less focus on species of  coastal phytoplankton such as Skeletonema 73 

costatum (Hutchins et al., 1999b) or Phaeodactylum tricornutum (Soria-Dengg and 74 

Horstmann, 1995; Soria-Dengg et al., 2001). Nonetheless, Fe may likely have an equally 75 

important regulatory role in coastal waters (Bruland et al., 2001; Hutchins et al., 1998; Öztürk 76 

and Bizsel, 2003). Fe requirements of neritic phytoplankton are not only relatively high, but 77 

also differ substantially among species. Therefore Fe fluctuations within metal-replete 78 

systems could strongly influence the composition and distribution of phytoplankton 79 

assemblages (Wells, 1999).  At the same time, the coastal environment presents a more 80 

complex system because of the input of organic matter, its constituents and their role in the 81 

complexation of metals (Breitbarth et al., 2010; Laglera and van den Berg, 2009).  82 

Even though siderophores are believed to be more abundant and more relevant in oceanic 83 

environments, the presence of hydroxymate type siderophores has been reported for coastal 84 

waters as well (Boiteau et al., 2016; Mawji et al., 2008; Velasquez et al., 2011), suggesting 85 

the potentially relevant role of these types of ligands in the costal environment. Furthermore, 86 

little effort has been made to study how siderophores are mineralized and recycled via the  87 

carbon and nitrogen cycles (Pierwola et al., 2004). In bacteria the Fe(III) uptake occurs via 88 

the non-reductive uptake or via the siderophore mediated uptake, where Fe is transported as 89 

the Fe(III)–siderophore complex that enters the periplasmic space of gram-negative bacteria 90 

through specific outer-membrane receptors (Braun et al., 1998). On the other hand, there is 91 

overall little evidence for direct internalization of siderophores by either eukaryotic or 92 

prokaryotic phytoplankton (Hopkinson and Morel, 2009). However, More recent evidence  93 

though, has shown the use of the non-reductive uptake path for eukaryotic phytoplankton 94 

through direct siderophore internalization (Kazamia et al., 2018). While this finding broadens 95 

the perspective of different possible metabolic pathways for these organic ligands in 96 



 

eukaryotic phytoplankton, the end fate for these molecules when internalization does not take 97 

place and the siderophore is released back into the environment is less clear. For instance for 98 

the α-hydroxyl-carboxylic type siderophores, the photolability of these Fe-complexes results 99 

in partial breakdown and changes in the Fe speciation, which may ultimately enhance their 100 

bioavailability (Amin et al., 2009; Barbeau et al., 2001; Butler and Theisen, 2010). Although 101 

hydroxamate siderophores such as deferrioxamine have been found in seawater and are 102 

excreted by a species of marine bacteria (McCormack et al., 2003, Gledhill 2004), the fate 103 

and possible role of siderophore breakdown products is less known. 104 

High-Performance Liquid Chromatography with Electrospray Ionization Mass Spectrometry 105 

(HPLC-ESI-MS) has been employed as a tool for identifying siderophores in the marine 106 

environment matrix (Gledhill, 2001; Gledhill et al., 2004; Mawji et al., 2008; McCormack et 107 

al., 2003). Different to chemical assays such as CAS or Rioux (Haygood et al., 1993; 108 

Martinez et al., 2001), the use of HPLC-ESI-MS allows for detection of the metabolites and 109 

byproducts of siderophores (Pierwola et al., 2004; Winkelmann et al., 1999). Here we 110 

combined the use of culture experiments together with HPLC-ESI-MS analysis to determine 111 

the presence and the effect of different types of siderophore on the Fe bioavailability for one 112 

phytoplankton species from the coastal environment. We conducted a batch culture with 113 

Skeletonema costatum with semi-continuous addition of apo- siderophores desferrioxamine B 114 

and enterobactin in a concentration gradient. The Fe uptake and Fe quota were measured to 115 

compare adaptation strategies with different siderophores as a function of time. The detection 116 

and role of siderophore metabolites is discussed based on the role of the species-specific 117 

interactions between phytoplankton and the associated bacteria present in the culture. 118 

2. MATERIALS AND METHODS 119 

2.1 Water collection and conditioning 120 

Water collected for the cultures was obtained from the seawater intake at the laboratory 121 

facilities of the Trondheim Biological Station (63°N) at NTNU, Trondheim Norway.  The 122 

water intake is located at a depth of ~80 m with a bottom depth of ~100 m. Water was 123 

collected during November 2015, when concentrations of total dissolvable Fe in  the 124 

Trondheim fjord (10 - 50 m) have been found to range  from 5 to 12 nM (Öztürk et al., 2002). 125 

A volume of 150 liters was collected in acid-washed 20 L polyethylene (PE) Nalgene bottles. 126 

All water was filtered through acid washed filters (0.45 + 0.2 µm Sartorius Sartobran 300).  127 



 

To condition the seawater to low iron concentrations, an ion exchange resin (Chelex-100 - 128 

Bio-Rad Laboratories) was used to complex most kinetically labile forms. 2 ml of Chelex-129 

100 slurry (~0.4 gr dry weight) was added to each 10 L bottle of water and placed on a shaker 130 

for 24 h at room temperature. Afterwards, the seawater was filtered through a silicon tubing 131 

using a peristaltic pump, passing all content through an acid-washed poly-prep 132 

chromatography column with a built-in polyethylene frit (pore size 100– 300 µm size; Bio-133 

Rad Laboratories) with an extra 0.5 ml Chelex-100 slurry at a rate of 3 mL min-1.  134 

To determine the background Fe concentration, triplicate  samples were collected, pre-135 

concentrated and extracted using a batch (Baffi and Cardinale, 1990) and column technique 136 

(Ardelan et al., 2010). To each 150 ml water sample, 0.2 ml of ion exchange resin Toyopearl 137 

AF-Chelate 650 M (Tosoh), was added and then placed for 12 h on a shaker (~80 rpm). The 138 

extraction of trace elements proceeded using a chromatography column (see above), and in a 139 

2-step acidifying process first by adding 1M UP HNO3 and then by 0,25M UP HNO3 for a 140 

final 3 ml sample. Initial background concentrations of  DFe labile were 1.22 ± 0.3 nM, while 141 

the total dissolved Fe concentration (TDFe) was 2.59 ± 0.46 nM.  The former fraction 142 

corresponds to the Fe complexed by the resin at seawater pH, while the latter corresponds to 143 

the Fe fraction complexed after acidification (pH~1.7) of the sample for about  months after 144 

bringing back the pH to ~6 for extraction. All samples collected to determine DFe as well as 145 

the manipulation of the experimental bottles during addition and sampling were performed in 146 

a Class-100 laminar flow hood (AirClean-600 PCR Workstation) which minimized possible 147 

contamination. The analysis was performed by High Resolution Inductive Coupled Plasma 148 

Mass Spectrometry (HR-ICP-MS) Element 2 (Thermo-Finnigan) with PFA-Schott type spray 149 

chamber and nebulizer. 150 

2.2 Culture setup 151 

The experiments were conducted in a temperature-controlled room (14.5 to 15.0 °C) at 40-152 

60% humidity. The light regime was a 24 h light cycle with fluorescent lighting and a mean 153 

luminous intensity of 80 – 90 µmol m-2s-1. The species used in this study was Skeletonema 154 

costatum (NIVA-BAC 36 strain culture-CAA) provided by the Norsk Institutt for 155 

vannforskning (NIVA). The strain was maintained in a normal f/2 medium (Guillard and 156 

Ryther, 1962) and was transferred to low Fe media for the experiments. The cultures were 157 

grown in an EDTA/metal ion buffered seawater medium modified from the artificial algal 158 

culture medium Aquil (Price et al., 1989). All macronutrients (Nitrogen, Phosphorus and 159 



 

Silicon) were prepared and kept as independent stock solutions that were passed through a 160 

column containing Chelex-100 to remove Fe. Trace metal enrichment was based on a 161 

doubled concentration of EDTA (10 µM) of the original Aquil, adjusting the total 162 

concentration of each metal to achieve the same free ion concentration for pCu (13.79), pMn 163 

(8.27), pZn (10.88) and pCo (10.88). Fe was added as part of a mixed trace metal solution + 164 

EDTA at a concentration corresponding to a pFe of 18.2 in order to guarantee sustained 165 

growth for the duration of the experiment.  166 

The species used in this study was Skeletonema costatum (NIVA-BAC 36 strain culture-167 

CAA) provided by the Norsk Institutt for vannforskning (NIVA). The strain was maintained 168 

in a normal f/2 medium (Guillard and Ryther, 1962). The inoculum added to the experiment 169 

was from at least the second batch culture run in a low Fe growth medium in order to adapt 170 

the species to low Fe concentrations and to minimize all possible Fe transfer from the original 171 

f/2 medium. The original culture strain of S. costatum was non-axenic and bacterial 172 

abundance was quantified by flow cytometry (see section 2.4).  173 

2.3 Experimental setup and sample collection  174 

Thirty-six 500 mL acid-washed polycarbonate (PC) bottles were used in total, where each 175 

treatment involved three bottles (triplicates). Before the algae inoculation, all bottles 176 

contained the Aquil media and all macro- and micro-nutrients required in the culture. Half of 177 

the bottles (18) were used for the setup with the siderophore desferrioxamine while the other 178 

half were used with the siderophore enterobactin. For the treatments established with each 179 

siderophore, see section 2.8. 180 

Every third day a 10 mL sample was collected from each one of the thirty-six bottle for 181 

measuring pH, photosynthetic efficiency (Fv/Fm), in-vivo fluorescence (FSU), cell densities of 182 

algae and bacterial densities. At the end of the experiment, samples for DFe were collected 183 

using Toyopearl resin (see above). To estimate the photosynthetic efficiency, an aliquot of 184 

the subsamples was placed in a cuvette (under dim light) and measured on a field portable 185 

device AquaPen-C 100 (Photon systems instruments). A Turner designs (Trilogy) 186 

fluorometer was used for FSU measurements. The growth rate, estimated in doublings per 187 

day (d-1), was calculated from the linear regression of the Ln FSU versus time (Guillard, 188 

1973). The initial algal cell density for both cultures was ~8000 cells mL-1. 189 

 190 



 

2.4 Bacterial abundance 191 

At start, middle and end of the experiment samples (1.5 mL) were fixed with Glutaraldehyde 192 

(final  concentration 1 %), frozen in liquid nitrogen and then stored (-20 ºC) until analysis by 193 

flow cytometry (Marie et al., 1997). Samples were diluted 1:10 or 1:100 with 0.1x TE-buffer, 194 

depending on cell density. The DNA of bacterial cells was stained with 10 µL 1:50 diluted 195 

SYBR Green I Nucleic Acid Gel Stain (10.000X in DMSO; Molecular Probes) per 1 mL 196 

diluted sample, and incubated in the dark (15 m) before analysis. Flow cytometry analysis 197 

were performed on a BD Accuri C6 Flow Cytometer (BD Bioscience, San Jose) and blue 198 

laser (excitation 488 nm). All samples were analyzed with the same instrumental setting: 199 

medium flow rate (34.5 µL min-1), FL1 threshold of 2000 and sample collection for 3 min. 200 

Medium flow rate was used for highest accuracy when counting bacterial cells. 201 

2.5 Fe uptake 202 

Fe radioisotope short-term uptake measurements were performed for selected treatments 203 

(Table 2) at day 9 (corresponding to the end of exponential phase in the Control). For each 204 

selected treatment, triplicate PC bottles were spiked with Fe-55 as ferric chloride in 0.5 M 205 

HCl (2 mCi, specific activity on the day of experiment of 42.22 mCi/mg; Perkin Elmer). 206 

0.030 mL of ferric chloride were added from a Sub-stock (0.7 mCi), in order to reach final 207 

concentration of ~0.5 nM. Bottles were incubated in lighted conditions for 16 h, after which 208 

filtration was performed sequentially with 10 μm and 0.2 μm PC filters. Each filter was 209 

individually washed with oxalate reagent for a 10 – 15 min period to remove extracellular Fe 210 

(Hassler and Schoemann, 2009; Tovar-Sanchez et al., 2003). The solvent extraction step from 211 

Tovar-Sanchez et al. (2003) was omitted and Chelex-cleaned seawater was used for rinsing 212 

instead (Tang and Morel, 2006). Fe uptake was calculated for both fractions using the liquid 213 

scintillation counts (corrected for filter quenching) and DFe concentrations in the cultures 214 

(Schmidt and Hutchins, 1999). Measurements of particulate organic carbon (POC) were used 215 

for normalizing uptake rates of Fe:C (µmol:mol h-1) in the >10 μm fraction. For the >0.2 μm 216 

fraction, the Carbon content was estimated based on the bacterial abundance at day 9 and 217 

applying a carbon content factor of 30.2 ± 12.3 fg of C cell-1 (Fukuda et al., 1998). Uptake 218 

rates were also standardized by cell area according to a cylinder area estimation (Sun and Liu, 219 

2003) based on microscope measurements for at least 100 diatom cells (Table 2). 220 

 221 



 

2.6 Particulate Fe (PFe) and Fe quota (FeQ)  222 

PFe was determined by low-pressure (< 0.5 bar) vacuum filtration through 10 μm acid 223 

washed 47 mm polycarbonate (PC) filters. Filtration volume ranged from 100 to 1000 mL for 224 

large replicates (see below) depending on cell density. Each filtration was followed by 225 

oxalate rinsing of the filter (see above), and samples were kept frozen until further 226 

processing. Samples underwent High Performance Microwave Reactor (Ultra Clave UC 227 

Milestone) digestion by placing the filters into Teflon tubes, adding 5 mL of 7 M ultra-pure 228 

HNO3, then placing the filters inside the UC for two hours. After digestion, the samples were 229 

diluted with deionized water (18.2 MΩ) to reach a final sample concentration ~0.6 M HNO3 230 

for HR-ICP-MS analysis. Particulate organic phosphorus (PP) obtained in each fraction was 231 

used for the normalization of the PFe and to calculate of the Fe:P ratio (mmol:mol). 232 

2.7 Statistical analysis  233 

Data analysis for the physiological and biological parameters measured was performed 234 

through parametric tests after homoscedasticity was determined. For analysis between 235 

different treatments, analysis of variance (one-way ANOVA) and Tuckey HSD Test for 236 

differences were performed. For 2-way comparisons between siderophores at the same 237 

concentration, Student-t tests were performed. All significant differences referred throughout 238 

the results were set to a level of 0.05. 239 

2.8 Siderophores characteristics and experimental additions 240 

Desferrioxamine B (DFB-Sigma) is a hexadentate ligand with hydroxamate functionalities 241 

and linear acyclic architecture (Albrecht-Gary et al., 1998). It is a strong Fe-complexing 242 

agent, with a conditional stability constant of 1016.5 M with respect to total inorganic Fe (Fe´) 243 

in seawater (Hudson et al., 1992). Enterobactin (Sigma) is also a hexadentate ligand 244 

belonging to the catecholate siderophores and is characterized by extremely high stability 245 

constants for Fe, up to 10 orders of magnitude higher than hydroxamate siderophores 246 

(Granger and Price, 1999; Reid et al., 1993). Both DFB and enterobactin form photostable 247 

complexes (Barbeau et al., 2003; Finden et al., 1984; Raymond et al., 2003). Despite the  248 

higher stability constant with respect to  ferric ion of enterobactin, it has been  regarded as a 249 

Fe-complex which is readily bioavailable for some eukaryotic phytoplankton (Hutchins et al., 250 

1999b; Strzepek et al., 2011).  251 



 

Based on the different chemical properties of DFB and enterobactin, two different (but 252 

comparable within a specific range) concentration ranges were employed. DFB which 253 

exhibits a lower stability constant and a lower capacity to solubilize Fe compared to 254 

enterobactin (Boukhalfa and Crumbliss, 2002), was used on an ample concentration range. 255 

The concentration gradient used with DFB reached the micro molar level,  in order to ensure 256 

complexation of all Fe available, while also having siderophore in excess to determine the 257 

concentration at which algal growth would not be possible.  The gradient employed with 258 

enterobactin, was also high enough (50 nM) to achieve full Fe complexation but given the 259 

high bioavailability attributed to enterobactin, a lower concentration range was used to 260 

observe for potential positive effects on the physiological traits of the diatom. Accordingly, 261 

the lower range in DFB additions were comparable to the higher range with enterobactin.  262 

To set each siderophore gradient (treatments), five discrete siderophore additions, plus one 263 

control were established (Table 1). Different to all macro- and micro-nutrients additions, the 264 

siderophore additions were performed in a semi-continuous way (partial additions) 265 

throughout the experiment (at the beginning and every third day for five days) after sample 266 

collection until achieving the final target concentrations (day 11). The semi-continuous 267 

addition of the uncomplexed siderophore (apo-form) intended to 1.) recreate the natural 268 

process when siderophores are released in the environment, thus achieving a rather constant 269 

Fe supply with the apo-siderophore that allows competition against the pool of organic 270 

ligands already present and 2.) study the adaptive responses from the diatom at different 271 

starting concentrations, together with incremental additions of the siderophore over time. 272 

2.9 Solid phase extraction and HPLC-ESI-MS of dissolved organic matter 273 

For selected DFB and enterobactin additions, large volume (5000 mL) batch cultures 274 

(duplicates) were run in parallel using sixteen low-density polyethylene (LDPE) collapsible 275 

bottles in exactly the same way and time as the low volume cultures. Additionally, for each 276 

siderophore, one “No-Algae” treatment were run in duplicates (Table 3). The latter contained 277 

only seawater medium, plus a siderophore addition and was used as an abiotic control for 278 

potential effects of temperature and light on the siderophores.   279 

Solid phase extraction (SPE) of  the dissolved organic matter was carried out following the 280 

procedure from Dittmar et al. (2008). Samples were filtered (0.2 μm Whatman pre-combusted 281 

GF/F filters) and acidified (HCl 32%) to ~pH 2. SPE cartridges (Agilent Bond Elut PPL, 500 282 

mg 6 ml) retain molecules with a wide range of polarity. The cartridges were rinsed with 283 



 

methanol (5 ml) before running the samples through.  Salts were removed with HCl (10 ml 284 

~0.01 M) and of the dissolved organic matter was eluted into glass vials with ~8 ml of 285 

methanol (HPLC grade sigma). Samples were stored at -20 °C until analysis. 286 

To detect possible changes in the relative abundances of the siderophores over time, together 287 

with the possible presence of siderophores metabolites in the different treatments, a non-288 

targeted LC-MSE (MS/MS) analysis were performed on a Waters™ Acquity uHPLC Synapt-289 

G2S Q-TOF system using ESI in positive mode.  A Waters™ HSS T3 100 mm column was 290 

used for separation with two mobile phases, A: Water (w/ 0.1 % formic acid) and B: 291 

Acetonitrile (w/ 0.1 % formic acid). The ESI source used a capillary voltage of 3kV. Leucine 292 

enkephalin (1 ng ml-1 with a flow of 10 μL per min) was used for lock mass correction With a 293 

run time of 13.50 min, the LC gradient was initially at 94% A and 6% B, after 9 min at 60% 294 

A and 40% B, after 12 min at 0% A and 100% B and finally after 13 min at 94% A and 6% 295 

B, with a flow rate of 0.300 ml min-1. MassLynx v4.1 was used for instrument handling.         296 

2.10 Identification of siderophores and siderophore metabolites  297 

From each SPE sample obtained, three subsamples (pseudo-replicates) were obtained making 298 

a total of two samples and six subsamples per treatment for HPLC-ESI-MS.  Data processing 299 

and analysis of LC-MS data was performed with the software Progenesis QI v2.2. The non-300 

targeted approach allows to carry out a semi-quantitative analysis of known and unknown 301 

compounds present in the treatments. The data for the compound ions within the different 302 

treatments was normalized in a standard procedure of software Progenesis QI, to correct for 303 

possible technical variation between sample runs. The normalization was followed by 304 

standardization to show the relative standard deviation from the mean for each compound 305 

among treatments. The standardized normalized abundance is hereafter referred to as 306 

abundance. Following the normalization for all data, a between-subject experimental design 307 

(assumed independence between treatments), and principal component analysis (PCA) were 308 

used to determine potential correlations for compound ion abundances found for each 309 

treatment. Previous comparisons were made with seawater blanks with the same seawater. 310 

The available literature was used for identification of  DFB (Velasquez et al., 2011), 311 

enterobactin (Berner et al., 1991) and its tentative metabolites (Groenewold et al., 2004; 312 

Pierwola et al., 2004; Winkelmann et al., 1999).  The abundance for the apo- and Fe-313 

siderophores and tentative metabolites that showed significant differences (P < 0.05) were 314 

selected and matched with databases (Chemspider, Progenesis Metascope, and Metlin). 315 



 

3. RESULTS 316 

3.1 Skeletonema costatum response under DFB and enterobactin 317 

Figure 1 shows the trend over time for the variables measured every third day on the diatom 318 

culture upon addition of the siderophores DFB (left panel) and enterobactin (right panel). The 319 

growth pattern over time exhibited by S. costatum with added DFB was negatively correlated 320 

to the siderophore concentration. The treatments with low DFB concentrations exhibited a 321 

shorter lag-phase similar to that in the Control while higher DFB additions resulted in a 322 

delayed growth response.  323 

The general pattern over time in the Control showed peak abundance at day 9, reflected in 324 

maximum FSU, with a consistent response in the other variables measured. For comparison, 325 

the 500 and 10,000 DFB nM treatments presented respectively ~50 and 10 % of FSU in the 326 

Control (Fig. 1c).  Despite the longer lag-phase for higher DFB treatments, final cell biomass 327 

in these treatments reached similar (~80 % on average) levels to those achieved in the 328 

Control. S. costatum cultures with added enterobactin showed no general trend as a function 329 

of siderophore concentration for the different variables measured, FSU being the only 330 

exception. At the lowest enterobactin concentration (0.01 nM), FSU exhibited the only 331 

significantly positive effect compared to the Control, while the highest enterobactin 332 

treatments (2.5 and 50 nM) exhibited negative trends (Fig. 1d). The negative effect in the 333 

FSU at 50 nM was significantly larger for enterobactin than for DFB.  334 

Growth rate during the exponential phase in the 10 to 500 nM DFB treatments showed no 335 

significant differences as compared with the Control (1.1 d-1), whereas growth rates in the 336 

2500 nM (0.92 d-1) and 10,000 nM (0.85 d-1) DFB treatments were significantly lower. 337 

Growth rates of cultures with added enterobactin showed no significant differences between 338 

treatments (Fig. 2).  339 

3.2 Fe uptake and quota in S. costatum 340 

On day 9, the difference in cell density between the Control and the highest DFB treatment 341 

was at a maximum. The FeQ and Fe uptake for S. costatum showed contrasting results 342 

between treatments (Fig. 3a). Fe uptake for all treatments with added DFB was significantly 343 

higher than the Control (Fe:C, 0.0031 µmol mol h-1 or 0.04x10-21 mol Fe µm-2 h-1), with the 344 

10,000 nM DFB being 1 and 2 orders of magnitude higher on a carbon and cellular area basis 345 

respectively (Table 2). FeQ showed the opposite trend with both 500 and 10,000 nM DFB 346 



 

treatments with significantly lower FeQ than Control (Fig. 3a). At the end of the experiment 347 

(day 13), S. costatum with 500 nM DFB had a FeQ similar to that in the Control. At 10,000 348 

nM DFB, despite the increase in cell abundance over time FeQ remained the lowest among 349 

treatments. For S. costatum cultures with added enterobactin, Fe uptake rates were not 350 

significantly different between treatments, although the exhibited trend was the same as for 351 

DFB. In the concentration range of enterobactin (up to 50 nM), there were no significant 352 

differences in uptake rates between FeDFB and FeEnterobactin (Table 2). The FeQ at 0.01 353 

nM was significantly lower than the Control, and remained the lowest throughout the 354 

experiment. The FeQ at 50 nM was significantly lower at day 13 compared to day 9 (Fig. 3b).    355 

3.3 Total bacterial abundance and Fe uptake 356 

The effect of DFB on the >0.2 µm fraction containing the bacteria in S. costatum cultures was 357 

the same as that observed in the diatom (Fig. 4a). At day 9, bacterial abundance was 358 

significantly lower at high DFB concentrations. Final bacterial abundances in the Control and 359 

10 nM DFB were not significantly different, whereas in the 10,000 nM DFB it was <50% of 360 

the Control. In cultures with added enterobactin, the concentration range used had the same 361 

effect as DFB, with the highest treatments (2.5 and 50 nM) presenting significantly lower 362 

abundances compared to the Control. At the same siderophore concentration (50 nM), no 363 

significant differences were found in final bacterial abundances between cultures with added 364 

DFB and enterobactin.  365 

Fe uptake measured at day 9 presented significant differences between treatments for DFB 366 

and between siderophores at comparable concentrations (Fig. 5). In cultures with added DFB, 367 

uptake rates in the 10 and 500 nM treatments were less than half of the Control, whereas the 368 

uptake rate for the 10,000 nM DFB treatment was significantly higher. In cultures with added 369 

enterobactin, Fe uptake was proportional to the siderophore concentration. All uptake rates 370 

were higher than in the Control, although only the 50 nM enterobactin treatment was 371 

significantly higher than the Control.  372 

3.4 Final labile DFe  373 

Final DFe concentrations in cultures with added DFB presented significant differences 374 

between treatments (Table 4). DFe in the Control was just slightly higher than initial 375 

background DFe. A gradient was observed in the treatments with the lowest DFe at 10 nM 376 

and the highest at 10,000 nM DFB. Only the latter presented a higher final DFe than the 377 



 

Control, whereas DFe at 10 and 50 nM DFB was significantly lower. In cultures with added 378 

enterobactin, a similar trend to the DFB culture was observed. DFe at 0.05 nM enterobactin 379 

was significantly lower than the Control, while DFe at 50 nM enterobactin was 3-fold higher 380 

than at 50 nM DFB.  381 

3.5 Desferrioxamine, FeDFB and identification of metabolites  382 

DFB was identified by a retention time of 4.30 minutes with an m/z value of 561.3616. Data 383 

from collision-induced dissociation (CID) rendered a fragmentation spectrum that matched 384 

that in the literature (Supplement-Fig. 1). Ferrioxamine was found at 2.95 min with 614.2710 385 

m/z. No fragmentation data was obtained for this compound, but Fe presence was confirmed 386 

by the 54Fe, 56Fe isotopic pattern (Supplement-Fig. 2). Figure 6 shows abundance profiles for 387 

DFB and FeDFB for each one of the treatments.  388 

The distribution of DFB and all compounds present in the HPLC-ESI-MS data showed 389 

clusters according to the different siderophore treatments (Fig. 7). The 1st principal 390 

component (PC1) accounted for ~ 60% of variance and separated the highest DFB treatment 391 

and the No-Algae 500 nM DFB treatment from the two lowest DFB treatments. This 392 

arguably reflects the abundance of metabolites in each treatment produced by S. costatum 393 

during biomass growth.  This was reflected in the 500 nM DFB and No-Algae 500 nM DFB 394 

treatments, which despite having the same DFB concentration were negatively correlated. 395 

PC2 accounted for ~25% of the variance, and separated the10 nM from the 500 nM DFB 396 

treatments. The apo-siderophore presence was positively correlated to the 10,000 and No-397 

Algae 500 nM DFB treatments, while negatively correlated to lower DFB. Ferrioxamine 398 

showed the opposite trend, positively correlated to lower DFB concentration.  399 

Additional to the identification of DFB and Ferrioxamine, three other compounds ions from 400 

the LC-MS data identified as tentative metabolites of DFB, showed significant differences 401 

between treatments (Table 5). A dihydroxamate compound ion with 419.2503 m/z eluted at 402 

3.41 min and matched the chemical formula. According to the PCA it was most abundant in 403 

500 nM DFB (Fig. 8a), but the loadings indicated no DFB correlation. A monohydroxamate 404 

(319.2348 m/z) eluted at 4.26 min (Fig 8b), showing highest abundance in 10,000 nM DFB 405 

and was found close to DFB on the scores plot (Supplement- Fig. 3). At 4.31 min, another 406 

monohydroxamate (201.1240 m/z) also eluted. It had the same suggested chemical formula 407 

and highest abundance in 500 nM DFB, but was also present in 10,000 nM DFB. The 408 

loadings showed no strong correlation with DFB (Supplement-Fig. 4).  409 



 

3.6 Enterobactin relative concentration 410 

The apo-siderophore with a 670.1525 m/z, eluted at 9.81 min towards the end of the time 411 

window indicating the hydrophobic nature of the molecule. The compound’s identity was 412 

confirmed by its fragmentation data with the primary fragment 224 m/z being 1/3 of the 413 

original molecule (Supplement-Fig. 5). No fragment representing the other 2/3 of the 414 

molecule at 447 m/z was identified. Figure 9 shows abundance profiles for enterobactin for 415 

each one of the treatments. The Fe-Enterobactin complex was not detected in any treatment. 416 

Although the low concentrations additions of the apo-siderophore were detected in all 417 

treatments, the PCA showed that the sample replicates did not cluster properly by treatments 418 

(Fig. 10). This was observed in the low replicability in the 50 nM and No-Algae 50 nM 419 

treatments. The lowest (0.01 nM) enterobactin treatment exhibited the highest similarity 420 

between replicates and pseudo-replicates. The PCA showed overlap of treatments, indicating 421 

no significant differences (Supplement-Fig. 6). The PC1 accounted for 56% of the variance 422 

and negatively correlated the algae with the No-Algae treatments, indicating that metabolites 423 

(products of biomass increase) were the main components of the variation. The PC2 424 

accounted for 22% of variance, however no trend with the enterobactin concentration was 425 

observed.  The overlap in treatments may be the result of the similar biomasses attained.  426 

4. DISCUSSION 427 

Most of the research conducted on Fe bioavailability in diatoms has been based on the genus 428 

Thalassiosira and therefore there is still limited information for comparisons with species 429 

from other genera. The diatom S. costatum has been previously studied under the presence of 430 

other organic ligands, involving only hydroxamate type siderophores (Hutchins et al., 1999b; 431 

Sanchez et al., 2018). For S. costatum, the growth pattern and siderophore response observed 432 

was consistent with previous experiments conducted under similar conditions with only DFB 433 

(Sanchez et al., 2018).   434 

4.1 Siderophore type and supply rate and in the culture 435 

The kinetics of Fe exchange between competing ligands suggest that the reaction in 436 

hydroxamate siderophores such as DFB may require longer to reach equilibrium compared to 437 

catecholate siderophores such as enterobactin. Instead of  providing the already pre-438 

complexed Fe, through the semi-continuous supply of the apo-siderophore over time it could 439 

be allowed for these two types of siderophores to reach the equilibrium with the others 440 



 

ligands present in natural seawater. The results obtained with both siderophores argue for the 441 

relevance of the approach with a rather continuous supply of the apo-form of the siderophore. 442 

Compared to short-term Fe uptake experiments (Maldonado et al., 2001; Maldonado and 443 

Price, 1999) under exponential growth with already pre-complexed Fe as the only source, the 444 

approach applied here can account for the adaptation of the algae over a wider time window.  445 

This can ultimately offer a different perspective on the Fe uptake in the algae. 446 

4.2 Fe uptake and response of S. costatum with FeDFB 447 

Fe uptake measured at day 9 corresponded with the largest differences observed among 448 

treatments, as was evident in variables such as pH and FSU. Accordingly, the highest uptake 449 

at 10,000 nM DFB and the lowest in Control likely reflected the physiological state and 450 

therefore the different growth phase of S. costatum in each treatment. Fe uptake rates in the 451 

Control (0.04x10-21 mol Feµm-2h-1) and 50 nM DFB (0.07x10-21 mol Feµm-2h-1) were in the 452 

range measured for “Fe-sufficient” cells for the diatom T. oceanica (Maldonado et al., 2001). 453 

On the other hand, the Fe uptake rate at 10,000 nM DFB (1.25x10-21 mol Fe µm-2h-1) 454 

resembled more “Fe-limited” cells (Maldonado and Price, 2001). Results here arguably 455 

reflect the Fe uptake dependence on up-regulation in the number of cell surface Fe-transport 456 

systems (Hudson and Morel, 1990), that can occur both under varying Fe-siderophore 457 

complex (Maldonado and Price, 2001, Strzepek et al., 2011) or apo-siderophore 458 

concentrations (Sanchez et al., 2018).  459 

The two main approaches to assess uptake rates can be summarized by 1) one in which  460 

increases of FeDFB alter the total Fe concentration (Maldonado et al., 2001; Strzepek et al., 461 

2011), and 2) one in which either Fe or DFB concentrations vary to alter the Fe´ (Maldonado 462 

et al., 2000). Most observations suggest diatoms respond more positively to the former. In 463 

this study, we varied the DFB concentration in order to alter Fe´. Accordingly, the growth 464 

rate in S. costatum responded to a decreasing Fe´ with increasing apo-siderophore 465 

concentration, resulting in increased Fe uptake mediated by up-regulation of cell surface Fe-466 

transport systems. However, based on reduction half-constant estimations for the FeDFB 467 

complex (Nodwell and Price, 2001) the high DFB to Fe ratios applied here would have 468 

constrained Fe uptake in the algae if it were solely dependent on the Fe-complex reduction 469 

rate. Furthermore, Fe uptake at 10,000 DFB nM was ~8-fold higher than in Maldonado and 470 

Price (2001) at similar [DFB]:[Fe] ratios. In cultures with oceanic species of Thalassiosira, 471 

reduced Fe uptake rates caused ~ 40% growth decrease at a [DFB]:[Fe] > 400, whereas in the 472 



 

coastal species T. pseudomona and T. weisflogii,  no growth occurred at the same [DFB]:[Fe] 473 

ratio (Strzepek et al., 2011). Similar studies in coastal phytoplankton reported that addition of 474 

DFB eliminated Fe uptake by both phytoplankton and heterotrophic bacteria, with only 475 

marginal Fe uptake after 5 days (Wells, 1999). Nonetheless, studies in coastal diatoms have 476 

also reported the acquisition of organically complexed Fe, such as FeDFB in P. tricornutum 477 

(Soria-Dengg and Horstmann, 1995), T. pseudomona and T. weissflogii (Shaked et al., 2005). 478 

Despite the different responses between species and concentrations of siderophore, most 479 

evidence indicate that coastal phytoplankton is more susceptible to organically complexed Fe, 480 

therefore highlighting the response observed in this study. 481 

On the other hand, differences in FeQ observed along time point to the degree of 482 

physiological adaptation of the diatom, suggesting that depending on the siderophore 483 

concentration some of the effects were rather temporal than permanent features. This could 484 

be observed at 500 nM DFB, when at day 9 FeQ in S. costatum was lower than the Control 485 

but by day 13, it had reached similar values. Conversely at 10,000 nM DFB, despite 486 

increased Fe uptake and cell density, by day 13 the FeQ in the algae remained the lowest. The 487 

effect of DFB on FeQ in other diatom species has been previously reported to have 488 

significant reductions at higher siderophore concentrations (Strzepek et al., 2011). 489 

4.3 Fe uptake and response of S. costatum with FeEnterobactin 490 

Although regarded as highly bioavailable compared to other Fe-siderophore complexes, the 491 

literature on FeEnterobactin uptake in marine phytoplankton is also scarce and shows 492 

different responses among species (Hutchins et al., 1999b; Kustka et al., 2015; Strzepek et al., 493 

2011). In T. oceanica cultures under 4:400 [Fe]:[enterobactin] a 50% growth yield with 494 

respect to Fe´ was observed. On the other hand, the coastal species T. pseudomona and T. 495 

weissflogii did not grow even at a 4:40 [Fe]:[enterobactin] ratio (Strzepek et al., 2011). In S. 496 

costatum, reported uptake rates range from ~0.19 µmol mol h-1 Fe:C under Fe´, to ~0.07 and 497 

0.02 µmol mol h-1 respectively with protoporphyrin and ferrichrome complexes on a 1:5 ratio 498 

(Hutchins et al., 1999b). At a similar FeEnterobactin ratio (~1:1.2) to that used here, Fe 499 

uptake was 0.01± 0.005 µmol mol h-1, similar to that for ferrichrome.   500 

In contrast to the algae response to FeDFB, enterobactin seemed to exert both a positive and 501 

negative response on variables such as FSU and abundance which was dependent on the 502 

siderophore concentration. The increased FSU at lower FeEnterobactin, contrasted with the 503 

observed FeQ, which remained the lowest throughout. Moreover, FeQ in the Control and 50 504 



 

nM treatments did not differ significantly on day 9, but this changed by day 13 with a ~35% 505 

decrease at 50 nM. This suggests a significant impact over time of enterobactin compared to 506 

DFB at the same concentration. On the other hand, Fv/Fm, pH and the estimated growth rate 507 

did not show significant differences. The irregular effect on the overall variable responses has 508 

also been reported for growth and Chl-a yields under a 0.5:1 [Fe]:[enterobactin] ratio, where 509 

a ~ 2 fold increase in growth respect to the Control contrasted with a Chl-a yield of ~60% of 510 

the one achieved in the Control (Kustka et al., 2015). Nonetheless, judging by the growth rate 511 

and final abundances reached the effects of FeEnterobactin might have been only temporal. 512 

Furthermore, given the lower enterobactin concentration range used, similar or stronger 513 

effects on the algae than those observed at high DFB could not be discarded. 514 

4.4 Stability of the apo- form versus the siderophore complex 515 

For enterobactin, the absence of the fragment 447 m/z or other metabolites is likely related to 516 

the molecule’s susceptibility to rapid degradation caused by hydrolysis of the ester linkages 517 

present in the molecule (Leslie et al., 2007; Raymond et al., 1984). Winkelmann et al. (1994) 518 

reported detection of the apo-form as well as FeEnterobactin degradation products by 519 

Escherichia coli into mono-, di- and linear trimers after complex uptake and subsequent Fe 520 

removal. However, some monomers seem to be produced very early (~28 h) and then 521 

suddenly disappear from the medium. Despite the semi-continuous supply of the apo-522 

siderophore, the ~48 h gap between additions likely affected the detection time window due 523 

to the rapid metabolization of the different metabolites. Another factor affecting 524 

FeEnterobactin LC-MS detection is its tendency to dissociate. Although catechol 525 

siderophores are characterized by extremely high-stability constants for Fe (Raymond et al., 526 

1984), the Fe exchange rate between competing ligands is not necessarily dictated by their 527 

respective stability constants (Albrecht-Gary et al., 1998). Such is the case for enterobactin 528 

which regardless the molecule’s structure the complex exhibits a high dissociation rate 529 

(Witter et al., 2000). It was therefore expected that enterobactin would facilitate diatom Fe 530 

uptake by quick equilibration with FeEDTA and by serving as a Fe complexing shuttle 531 

(Kustka et al., 2015). Despite Fe uptake rates were proportional to the enterobactin 532 

concertation, only at the lowest treatment (0.01 nM: rate supply of 2 pM Fe-complex per 533 

addition), the enhanced FSU and photosynthetic activity compared to Control, provided 534 

support of potential benefits for S. costaum by facilitated Fe uptake. 535 



 

In the case of DFB, the formation of the Fe-siderophore complex confers a remarkable 536 

chemical stability (Powell et al., 1983), which results in the formation of photostable 537 

complexes (Albrecht-Gary et al., 1998; Barbeau et al., 2003; Finden et al., 1984). The relative 538 

higher abundances of FeDFB in 10 nM and 500 nM DFB treatments contrasted with those in 539 

the 10,000 nM and the No-Algae 500 nM treatments. It could be possible that the FeDFB 540 

complex relative abundances could be the result of experimental artifact as changes in the 541 

speciation could have occurred during HPLC product of metals present in the system 542 

(Boiteau et al., 2013; Mawji et al., 2008; McCormack et al., 2003). Nevertheless, we draw 543 

attention to the relative abundances of DFB and FeDFB in each treatment. Furthermore, 544 

comparing the 10,000 nM DFB and the No-Algae 500 nM DFB treatments, the similar 545 

abundance profiles (despite one order of magnitude difference in addition) of the apo-546 

siderophore argue for a decrease in the concentration in the former while its concentration 547 

remained relatively unaffected in the latter. This could be the result of possible siderophore 548 

degradation occurring in the 10,000 nM DFB. This is also supported by other studies which 549 

demonstrated that the apo-form of the siderophore is not photochemically reactive in natural 550 

sunlight (Barbeau et al., 2003).   551 

4.5 Uptake of Fe-siderophore complex by the bacterial community 552 

Final bacterial community abundance in all treatments showed no enhanced bacterial growth 553 

under either of the siderophore conditions. Since Fe uptake in the Control (EDTA-buffered) 554 

is assumed to be restricted to the dissociated Fe´ (Granger and Price, 1999), it can be argued 555 

that the heterotrophic bacteria associated to S. costatum was not able to uptake the entire 556 

FeDFB complex. The overall higher (up to 4-fold) Fe uptake in the presence of enterobactin 557 

compared to DFB at comparable concentrations is similar to responses reported with 558 

hydroxamate and catechol siderophores in isolated bacteria (Granger and Price, 1999). 559 

Nevertheless, uptake rates under both siderophores measured in this study were on average 560 

two orders of magnitude lower compared to Granger and Price (1999), who reported 561 

increased uptakes on Aquil + DFB for different bacterial strains. The fact that it was the Fe 562 

uptake in the associated bacteria and not in the isolated strains assessed in this study might 563 

partially account for the differences observed. The results of the uptake rates corresponded 564 

with an increase in the Fe:C ratio for all enterobactin treatments and at 10,000 nM DFB. This 565 

positive response was positively correlated to the increase in enterobactin concentrations, 566 

whereas the only significantly higher uptake in DFB occurred at 10,000 nM DFB when 567 

diatom exponential growth started at day 9. Yet this increase in Fe:C did not result in higher 568 



 

bacterial abundances in any of the treatments with siderophore addition. While some studies 569 

revealed increases in bacterial abundance with Fe availability (Hutchins et al., 2001; Pakulski 570 

et al., 1996), others found no positive response to Fe alone but did see an increase in growth 571 

rate with the addition of both dissolved organic carbon (DOC) and Fe (Church et al., 2000). It 572 

could be argued that the bacteria were able to accumulate Fe but a lack of diatom growth may 573 

have not provided enough DOC for bacterial growth.  574 

4.6 Siderophore bacterial degradation and potential role for S. costatum Fe uptake 575 

The abundance profile at 10,000 nM DFB, comparable to that in the No-Algae 500 nM DFB 576 

likely reflected the molecule degradation in the former. Likewise, low abundances detected of 577 

siderophore metabolites in the No-Algae 500 nM DFB treatment suggests that the medium 578 

did not remain sterile, and that possible degradation occurred by bacteria remaining in the 579 

seawater after conditioning. Nonetheless, the 500 nM and the No-Algae 500 nM treatments 580 

despite having the same number of partial DFB additions over time, the relative abundances 581 

of the fragments 419.2503 m/z and 201.1240 m/z presented significant differences. This 582 

argues that the magnitude of the process occurring in the No-Algae treatment was not 583 

significant compared to that of the effect of the associated bacteria in the 500 nM treatment.  584 

As Fe siderophore bound uptake in marine prokaryotes and eukaryotes can occur mediated by 585 

a cell-surface Fe(III) transporter or via extracellular reduction, in the latter bacteria can 586 

catabolize siderophores concomitant with their growth, with degradation patterns depending 587 

on bacterial strain and siderophore type (Pierwola et al., 2004 and cities therein). Thus the 588 

presence of either the entire apo-siderophore or its metabolites will depend on the way the 589 

complex is incorporated and metabolized. The degradation of DFB into a sequence of 590 

dihydroxamates and monohydroxamates has been previously reported (Castignetti and 591 

Siddiqui, 1990; Winkelmann et al., 1996), and corresponded with some of the compounds  592 

detected here thus supporting the argument of  bacterial degradation of  the apo-siderophore. 593 

However, the observed increase in the Fe to carbon ratio contrasts with the reduced bacterial 594 

growth observed, and raises the question of whether the bacteria associated with S. costatum 595 

were able to readily utilize any of the siderophore complexes. It could be speculated that the 596 

associated bacteria at the highest DFB concentrations were able to obtain both Fe and organic 597 

carbon by degrading the apo-siderophore in order to compensate for lack of algal biomass as 598 

a source. Although the apo-siderophore desferrioxamine represents a very uncommon C- and 599 

N-source, its simultaneous function as an Fe donor and as a carbon source cannot be excluded 600 



 

(Winkelmann et al., 1999), as cases for this has been found in some terrestrial bacteria 601 

capable of growing on DFB as the sole carbon source (Castignetti and Siddiqui, 1990).  602 

The Fe uptake rates reported here for S. costatum although comparable with Fe limited 603 

diatoms species such as from the genus Thalassiosira (Maldonado and Price, 2001; Shaked et 604 

al., 2005), at the highest DFB treatments reported uptake rates could not be accounted solely 605 

on the reductive mechanism. Alternatively, other mechanisms that could be proposed to 606 

account for the high Fe uptake at high DFB, could be a non-reductive pathway as recently 607 

proposed for certain P. tricornutum. Yet the genes likely be involved in the up-regulation for  608 

the “iron starvation induced proteins” (ISIPs) that could be involved in siderophore uptake, 609 

has not been found in S. costatum (Kazamia et al., 2018). The degradation of the excess DFB 610 

to alleviate a carbon deficiency by the associated bacteria, could have therefore altered the 611 

ligand concentration over time. Such changes would have likely favored the diatom Fe 612 

uptake, as less DFB would compete for Fe(III) with the Fe reduction mechanism at the 613 

diatom’s surface. However a plausible alternative, this would need further research.  614 

CONCLUSIONS 615 

The overall physiological response of S. costatum at equivalent concentrations was different 616 

between the two siderophores. Enterobactin generated mixed responses depending of the 617 

variable measured, while it exhibit a more negative effect than DFB in traits such as 618 

fluorescence.  On the other hand DFB at the highest concentrations exhibited more negative 619 

effects on the diatom’s physiology in traits such as the FeQ. The overall siderophore effect on 620 

Fe bioavailability and uptake for S. costatum differed in the presence of cathecolate and 621 

hydroxamate siderophores.   622 

The overall increase in Fe uptake observed in bacteria together with the negative correlation 623 

of the bacterial abundance over time with the concentration of both siderophores, constitutes 624 

evidence that bacteria associated with the diatom S. costatum were unable to readily utilize 625 

the Fe acquired. This highlights the link between the diatom and the associated bacteria based 626 

on the factors that were likely constraining the growth of both organisms. The capacity of the 627 

algae for acquiring Fe after a prolonged time at high DFB concentrations suggests that of 628 

changes in the concentration of the apo-siderophore, which is supported by the presence of  629 

DFB of the degradation metabolites revealed in the LC-MS analysis. It can only be 630 

speculated of the possibility for the bacteria to obtain carbon from the apo- form of the 631 

siderophore, thus reducing its concentration and shifting the Fe-ligand equilibrium with an 632 



 

ultimate benefit for the Fe-membrane cell reduction by S. costatum. The combined results 633 

highlight the need to study the Fe bioavailability in interaction with other microbial 634 

components such as bacteria and over a time frame that reflects the natural ecosystem 635 

dynamics. 636 
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Figures and Tables  860 

Table 1.  Experimental setup with the diatom Skeletonema costatum. Background dissolved 861 

labile iron (DFe) concentration (nM). Iron + EDTA added in the medium (nM). Siderophore 862 

type and final concentrations (nM) after five additions. Rate DFB and Rate Ent: partial 863 

concentrations (nM) added every third day. 864 

 865 

  866 

 867 

 868 

 869 

                

DFe 
(nM) 

FeEDTA 
(nM) 

DFB (nM) 
Rate DFB 
(nM  d-1) 

[DFB]:[Fe] 
Enterobactin 

(nM) 

Rate 
Enterobactin 

(nM d-1) 
[Ent]:[Fe] 

1.22 40 Control     Control     

1.22 40 10 2 0.2 0.01 0.002 0.0002 

1.22 40 50 10 1.2 0.05 0.01 0.001 

1.22 40 500 100 12 0.5 0.1 0.012 

1.22 40 2500 500 61 2.5 0.5 0.06 

1.22 40 10000 2000 243 50 10 1.2 

               

 870 

 871 



 

Table 2.  Iron 55 uptake rate by Fe:C ratio (µmol mol h-1;  left),  for Skeletonema costatum  872 

and bacterial community, by area (mol µm2 h-1;  right)  for S. costatum  and by cell (mol cell 873 

h-1; right) for the bacterial community measured at day 9 for each treatment with 874 

desferrioxamine (DFB) (nM) and enterobactin (nM). Standard deviation in parenthesis (n=3) 875 

 876 

 877 

 878 

 879 

                      

Siderophore Treatment 
S. costatum Bacteria    S. costatum Bacteria  

Fe:C (µmol h-1)   Fe (mol µm2 h-1)  Fe (mol Cell h-1)  

  Control 0.003 (0,001) 0.035 (0,002)   0,04 E-21 (0,003) 2.24E-22 (0.224) 

                      

DFB 

10 0.007 (0,001) 0.013 (0,001)   0,07 E-21 (0,004) 0.88E-22 (0.123) 

500 0.018 (0,001) 0.015 (0,006)   0,08 E-21 (0,008) 0.59E-22 (0.070) 

10000 0.062 (0,018) 0.048 (0,002)   1,25 E-21 (0,137) 5.27E-22 (0.474) 

                      

Enterobactin 

0.01 0.004 (0,001) 0.040 (0,014)   0,07 E-21 (0,002) 2.58E-22 (0.258) 

0.5 0.007 (0,005) 0.050 (0,011)   0,15 E-21 (0,018) 3.20E-22 (0.448) 

50 0.009 (0,005) 0.061 (0,016)   0,10 E-21 (0,005) 3.93E-22 (0.471) 
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Table 3. Parallel setup with the diatom Skeletonema costatum for the siderophore and dissolved 889 

organic matter analysis. No-Algae (500 and 0.5) corresponded to the same seawater medium 890 

with the addition of 500 and 0.5 nM for desferrioxamine B and enterobactin respectively. 891 

Siderophore additions followed same procedure as the main setup. 892 

 893 

 894 

 895 

 896 

 897 

 898 

            

S. Costatum 

 DFB  (nM) No-Algae   (500) 10 500 10000 

Enterobactin 
(nM) 

  No-Algae  (0.5) 0.01 0.5 50 
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Table 4. Dissolved labile iron concentration (DFe) measured at the final day for each 910 

experiment performed with desferrioxamine (DFB) (nM) and enterobactin (nM). Value in 911 

parenthesis correspond to standard deviation (n = 3). n.d.: no data. 912 

 913 

 914 

 915 

 916 

 917 

        

DFB  
Control 

1.35 (0.1) 

10 50 500 2500 10000 

0.66 (0.3) 0.83 (0.2) n.d. 1.26 (0.3) 1.59 (0.2) 

Enterobactin 
0.01 0.05 0.5 2.5 50 

n.d. 0.93 (0.2) 1.22 (0.1) 0.96 (0.3) 2.04 (0.2) 
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Table 5.  Identification of siderophore, in the apo- form (uncomplexed) for desferrioxamine an enterobactin, the Fe-siderophore complex 928 

(Ferrioxamine) and the tentative metabolites for desferrioxamine through HPLC-ESI-MS analysis. Fragment identification for DFB after collision 929 

induced dissociation (CID). 930 

 931 

 932 

 933 

Compound 
ion (m/z) 

Ion 
Observed  

Retention 
time (min) 

Formula  ppm error 
Fragment  

CID  
Compound Reference  

561.3616 [M+H] 4.30  C25H48N6O8 1.76 
443.2492   
401.2395   
319.2341 

Desferrioxamine B Velazquez et al., 2011 

614.2710 [M+H] 2.95 
 

C25H45N6O8Fe 
-1.77   Ferrioxamine B Velazquez et al., 2011 

419.2503 [M+H] 3.41 C18H34N4O7 0.7   
Dihydroxamete   

metabolite  
Winkelmann et al., 1999 

319.2348 [M+H] 4.26 C14H30N4O4 2.44   
Monohydroxamate 

metabolite  
Winkelmann et al., 1999 

201.1240 [M+H] 4.31 C9H16N2O3 2.93   
Monohydroxamate 

metabolite  
Groenewold et al., 2004 

670.1525 [M+H] 9.81  C30H27N3O15 1.5   Enterobactin Berner et al., 1990 
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Figure 1. pH, In-Vivo fluorescence (FSU) and photosynthetic efficiency (Fv/Fm) for S. 936 

costatum cultures with desferrioxamine B (nM) (a, c, e and g) and enterobactin (b, d, f, and h) 937 

(nM) over time. Error bars: standard deviation (n=3). 938 

Figure 2.  Growth rate (Doublings d-1) for S. costatum measured at exponential phase for 939 

each treatment with desferrioxamine B and enterobactin. 940 

Figure 3. Particulate Iron (PFe) to particulate phosphorus ratio (PFe: PP), diatom Fe uptake 941 

ratio (Fe:C) (pmol µmol h-1) for S. costatum with a) desferrioxamine B and b) enterobactin at 942 

day 9 and day 13 (final). Error bars: standard deviation (n=3). 943 

Figure 4. Bacterial abundance (cell µL-1) (a and b) in all treatments in S. costatum cultures 944 

with desferrioxamine B (nM) and enterobactin (nM). Error bars: standard deviation (n=3). 945 

Figure 5. Particulate Iron (PFe) in the 0.2 µm fraction representing the bacterial community 946 

Fe uptake ratio (Fe:C) (µmol mol h-1) in S. costatum cultures with a) desferrioxamine B and 947 

b) enterobactin at day 9. Error bars: standard deviation (n=3). 948 

Figure 6. Standardized normalized abundance for a.) desferrioxamine B and b.) the Fe 949 

siderophore complex Ferrioxamine B in all the treatments at day 9 in the cultures with 950 

desferrioxamine B. The standard deviation corresponds to two samples and six subsamples 951 

per treatment. 952 

Figure 7.  PCA biplot for components 1 and 2 for the desferrioxamine B treatments: 10 nM 953 

(triangles), 500 nM (circles), 10,000 nM (squares) and No-Algae 500 nM (stars). Sample 954 

replicates are shown as symbols and desferrioxamine B (left) and ferrioxamine B (right) 955 

compounds are highlighted. All other compound ions are as grey numbers in the background. 956 

Figure 8.  Standardized normalized abundance for desferrioxamine B tentative metabolite, a.) 957 

the dihydroxamate 419.2503 eluted at 3.41, and b.) the monohydroxamates 319.2348 and c.) 958 

201.1240 eluted at 4.26 and 4.31 min respectively. The distribution of points corresponds to 959 

two samples and six subsamples per treatment. 960 

Figure 9. Standardized normalized abundance for enterobactin in all the treatments at day 9 961 

in the cultures with enterobactin. The standard deviation corresponds to two samples and six 962 

subsamples per treatment. 963 

Figure 10. PCA biplot for components 1 and 2 for the enterobactin treatments: 0.01 nM 964 

(triangles), 0.5 nM (circles), 50 nM (squares) and No-Algae (Control) 0.5 nM (stars). Sample 965 

replicates are shown as symbols and enterobactin compound is highlighted. All other 966 

compound ions are as grey numbers in the background. 967 
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