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Scientific Significance Statement

Microbial community production in the subtropical oligotrophic North Pacific is limited by
macronutrients such as nitrogen. However, dissolved iron is another important micronutrient that
has seasonal inputs from dust and passing eddies, keeping the availability of iron low and
episodic. Little attention has been paid to the microbial strategies for dealing with low iron to
support primary production in the oligotrophic ocean, or how limited iron availability impacts
the processing of sinking particulate organic carbon in this region. In this study, we explore iron
cycling including siderophore production and uptake by the microbial community throughout the
water column at Station ALOHA to examine how the microbial community adapts and responds

to changing iron and carbon availability on seasonal timescales.

Author contribution statement: RBundy and LEM wrote the manuscript and completed the
analyses. RBoiteau and JP contributed data and edited the manuscript. EFD, MJC, MAS and

DIJR helped design the study and edit the manuscript.

Abstract

The North Pacific subtropical gyre is a globally important contributor to carbon uptake and an
oligotrophic ecosystem primarily limited by nitrogen. The microbial community is also
seasonally exposed to low iron due to biological consumption and seasonally variable iron
delivery. In this study, we examined changes in iron uptake rates, dissolved siderophore
concentrations, and siderophore biosynthesis at Station ALOHA across time (2013-2016) and
depth (surface to 500 m) to observe changes in iron acquisition and internal cycling by the

microbial community. The genetic potential for siderophore biosynthesis was widespread
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throughout the upper water column, and biosynthetic gene clusters peaked in spring and summer
along with siderophore concentrations, suggesting changes in nutrient delivery, primary
production, and carbon export impact iron acquisition over the seasonal cycle. Dissolved iron
turnover times, calculated from iron-amended experiments conducted using surface (15 m) and
mesopelagic (300 m) waters, ranged from 9-252 days. The shortest average turnover times at
both depths were associated with inorganic iron additions (14+9 days) and the longest with iron
bound to strong siderophores (148+225 days). Uptake rates of siderophore-bound iron were
faster in the mesopelagic waters than in the surface, leading to high Fe:C uptake ratios of
heterotrophic bacteria in the upper mesopelagic. The rapid cycling and high demand for Fe at
300 m suggests differences in microbial metabolism and iron acquisition in the mesopelagic
compared to surface waters. Together, changes in siderophore production and consumption over

the seasonal cycle suggest organic carbon availability impacts iron cycling at Station ALOHA.

Keywords: siderophore, dissolved iron, siderophore biosynthesis, Station ALOHA

Temporal range: 2013-2016

Frequency or sampling interval: seasonal (monthly)

Spatial scale: site-based
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1. Introduction

Oligotrophic subtropical gyres comprise the world’s largest ocean biome (Longhurst 2010).
Microbial communities inhabiting the oligotrophic ocean are exposed to low concentrations of
nitrogen, phosphorous (Karl et al. 1997; Fitzsimmons and Boyle 2014; Letelier et al. 2019), and
dissolved iron (Fitzsimmons et al. 2015). Long-term studies by the Hawaii Ocean Time-series
(HOT) at Station ALOHA in the North Pacific subtropical gyre demonstrate how seasonal to
interannual-scale changes in nutrient supply can impact microbial communities and carbon
export (Karl and Lukas 1996; Letelier et al. 2019). The resulting time series captures both the
relatively stable conditions of the oligotrophic ocean and the importance of episodic and
seasonal-scale delivery of nutrients to the upper ocean from storms, eddies, dust inputs, and the
shoaling and deepening of the pycnocline (DiTullio and Laws 1991; Fitzsimmons et al. 2015;
Hayes et al. 2015; Pinedo-Gonzalez et al. 2020; Hawco et al. 2022). Although this ecosystem is
characterized by perennial nitrogen limitation, the microbial community of the euphotic zone is
also consistently exposed to low dissolved iron (dFe) concentrations, particularly in the deep
chlorophyll maximum (DCM; (Hogle et al. 2022, Hawco et al. 2022)), and on sub-decadal
timescales, control of primary production as supported by nitrogen (N>) fixation is thought to

oscillate between phosphate and iron availability (Letelier et al. 2019).

In seawater, a majority of dFe is complexed by a pool of organic ligands (FeL) that have a high
diversity of chemical structures. Complexation by organic ligands allows dFe to accumulate to
concentrations above that set by its inorganic solubility (Gledhill and Buck 2012) and may help

to retain Fe within the euphotic zone where it is needed to support primary production (Tortell et
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al. 1999). However, ligands significantly alter the bioavailability of the dFe pool by sequestering
Fe in organic complexes that require specific cellular transport systems in order to be accessed
(Sutak et al. 2020). Changes in the external supply of Fe to the upper ocean at Station ALOHA
have been shown to trigger organic ligand production on the timescale of days (Fitzsimmons et

al. 2015).

Marine microorganisms, including both photoautotrophic and heterotrophic bacteria, have
significant cellular Fe requirements and thus are equipped with molecular strategies for acquiring
Fe from the Fe-scarce marine environment (Hopkinson et al. 2005; Sutak et al. 2020). A class of
the strongest organic Fe-binding ligands, called siderophores, are secreted by marine bacteria and
fungi in response to Fe deficiency as a high-affinity uptake strategy to solubilize and stabilize Fe
in a molecular form that can be taken up by dedicated membrane transporters (Sandy and Butler
2009; Vraspir and Butler 2009). Many structurally diverse siderophores have been identified, and
they are biosynthesized by two classes of enzymatic pathways; non-ribosomal peptide synthetase
(NRPS) pathways and/or NRPS-independent siderophore (NIS) synthetase pathways (Sandy and
Butler 2009; Hider and Kong 2010). Siderophore biosynthesis is regulated by Fe concentrations,
where elevated Fe suppresses synthesis (Sandy and Butler 2009). Some microbes can both
synthesize and internalize siderophores, while others only possess outer membrane receptors for
uptake of exogenous siderophores that they cannot produce (Cordero et al. 2012; Kramer et al.
2020). Internalizing siderophore-bound Fe requires either specific transport pathways or the
ability to extracellularly reduce Fe(III) to Fe(Il), releasing it from the siderophore complex; thus

Fe complexed to siderophores has low bioavailability to the microbial community as whole
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88  (Shaked and Lis 2012), but is readily bioavailable to microbes that possess the relevant transport
89  systems.
90
91  Dissolved siderophores represent 2-10% of the total dissolved Fe-binding ligand pool present at
92  Station ALOHA, and they likely play an important role in the competition for Fe and in
93  solubilization of Fe from particles (Bundy et al. 2018). North of Station ALOHA in the North
94  Pacific transition zone, where Fe inputs from dust in the spring are elevated (Pinedo-Gonzalez et
95  al. 2020), siderophore concentrations and the transcription of siderophore biosynthesis and
96  uptake genes are also elevated, further connecting the production of siderophores as a
97  mechanism for solubilizing Fe from particles (Park et al. 2023). The metabolic potential for
98  siderophore production and uptake is prevalent in the North Pacific subtropical gyre, transition
99  zone, and the subpolar high nutrient low chlorophyll region (Hogle et al. 2022; Park et al. 2023).
100
101  Although the importance of siderophore production as a microbial Fe acquisition strategy in the
102  marine environment has been recognized for some time (Mawji et al. 2008; Boiteau et al. 2016,
103 2019; Bundy et al. 2018; Moore et al. 2021; Manck et al. 2022; Park et al. 2023), little is known
104  about their seasonal variability or turnover times. Understanding the biosynthesis and turnover
105  times of siderophore-bound Fe will be important for interpreting their bioavailability and
106  influence on Fe recycling and retention in the upper ocean. To address these gaps in our
107  understanding of siderophore biogeochemistry in the marine environment, we explored changes
108  in siderophore distributions, biosynthesis potential and turnover times at Station ALOHA across
109  time and depth. By placing this study in the rich context of biogeochemical measurements made

110 by the HOT program, we aim to better connect siderophore production and uptake to
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111  environmental conditions, in an effort to understand the impact of siderophores on microbial Fe
112 acquisition and biogeochemical cycling in this important and well-studied oligotrophic

113 ecosystem.

114

115 2. Methods

116

117 2.1 Radioactive iron uptake and siderophore bioavailability experiments

118  Fe uptake experiments were performed at Station ALOHA (Fig. 1A) on two expeditions

119  (HOT278 in November 2015 and KM 1605 in March 2016) at 15 m and 300 m. Four treatments
120 were used in all experiments: FeCl; (denoted as “FeL”), ferrioxamine B, ferrioxamine E, and Fe-
121  amphibactin. Experiments at 15 m were performed both in the light and dark, and experiments at
122 300 m were performed only in the dark. Fe uptake was measured in the >2.0 um and 0.2-2.0 pm
123 size fraction after 12 hours. 500 nmol L'! of nitrate was added to each of the 15 m experiments to
124 alleviate possible nitrogen limitation, which might have restricted Fe uptake (Table S1).

125

126  The isolation of amphibactin ligands used in this experiment has been described in detail

127  elsewhere (Bundy et al. 2018), and the other ligand standards were commercially available.

128  Radioactive Fe ligand stocks were prepared using a 1 mCi *>Fe stock (Perkin Elmer; Lot

129 #091514) with a specific activity of 44.66 mCi mg™! and an activity of 35.55 mCi mL!. Before
130  making the ligand stocks, the concentration of the >*Fe stock solution was calculated by

131  converting the initial activity on the stock date to the current activity using the half-life of 3°Fe (1
132 =2.73 years) and the number of days since the stock date. A primary *Fe stock of 55 pmol L!

133 was used to prepare the >°Fe-ligand and »FeCls stocks. The FeCls stock (FeL treatment) was
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134 Figure 1. (A) Map of the study region including the location of Station ALOHA (red dot). (B)
135  Dissolved iron uptake rates (pmol L' day™!) in the surface (15 m) and mesopelagic (300 m) at
136  Station ALOHA for naturally complexed iron (FeL) and iron bound to the siderophores
137  amphibactin (Amp), ferrioxamine E (DFE), and ferrioxamine B (DFB). Dark and light
138  measurements are displayed for both the 0.2-2.0 um and >2.0 um size fraction. Total rates in the
139  bottom panels represent the sum of both size fractions for each treatment. Mean values from all
140  measurements for a given treatment are displayed and error bars represent the standard error of
141  the mean. (B) Turnover time (days) of iron in each treatment at 15 m and 300 m based on rates
142 of total iron uptake in the dark. Box plots display the interquartile range with median values
143 plotted as a solid horizontal line. The y-axis is on a logio scale. Turnover times at 300 m were
144  statistically different from 15 m only in the DFB treatment (pairwise t-test, p < 0.05).
145

Turnover Time
(days)
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146  prepared in pH 2 (Optima HCI, Fisher Scientific) type I deionized water (MilliQ) while the

147  siderophore stocks were prepared in type I deionized water. Ligand stocks were equilibrated for
148  at least 24 hours, but up to 5 days, before use, and ligands were present in three times excess of
149  3Fe. Duplicate ligand stocks were made with the stable isotope >’Fe (Cambridge Isotopes) to set
150  up replicate treatments for cell counts that did not contain radioactivity.

151

152  Prior to beginning experiments at sea, quench curves were made to account for physical and

153 chemical quench. Physical quench was accounted for by placing a blank filter in 10 mL of

154  scintillation cocktail in triplicate and counting for 10 minutes on the liquid scintillation counter.
155  Physical quench was also assessed by filtering a range of seawater volumes (10-500 mL) onto
156  separate 0.2 um filters containing no *Fe, and then placing each filter into 10 mL of scintillation
157  cocktail and counting for 10 minutes. These physical quench controls account for whether the
158  presence of cells or the filter itself impacts the counting efficiency of the liquid scintillation

159  counter. The physical quench was found to be extremely small (< 1 % of blanks), and for all

160  further analyses, blank filters were used for quench correction. Chemical quench was assessed by
161  setting up 10 separate vials of scintillation cocktail, each with the same activity of >>Fe and

162  increasing acetonitrile additions (0.1-10 nmol L!). The chemical quench was also found to be
163 very small (< 5% of the blank) and was incorporated into the counting efficiency of the method
164  for all samples.

165

166  To set up the incubation experiments, trace metal clean seawater collected from X-Niskin bottles
167  (Ocean Test Equipment) from 15 m and 300 m was dispensed into polycarbonate bottles. Four of

168  the bottles were spiked with 1 nmol L! of the 3’Fe ligand stocks and the rest were spiked in
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169  duplicate with 1 nmol L™! of the Fe ligand stocks. A final concentration of 0.01%

170  glutaraldehyde was added to four of the bottles to serve as “dead controls” and were incubated
171  for 30 minutes before the experiment began to account for non-specific *>Fe adsorption. All

172 bottles were incubated in surface seawater flow-through incubators and dark treatments were
173 double-bagged in black polyethylene bags. After 12 hours, a flow cytometry sample was taken
174  from each of the 3’Fe treatments and was preserved with 0.01% glutaraldehyde for 30 minutes
175  before being flash-frozen in liquid nitrogen and stored at -80°C. At the end of the 12 hour

176  experiment, each bottle was sequentially filtered onto acid washed 2.0 pm and 0.2 pm filters
177  using low pressure vacuum filtration. Both filters were washed three times with an oxalate wash
178  to remove extracellular Fe (Tovar-Sanchez 2003).

179

180 A key assumption of these experiments is that all Fe remains complexed to the respective added
181  siderophore throughout the duration of the experiment (12 hours). To confirm this was the case,
182  the remainder of the treatments spiked with the >’Fe-siderophore stocks were filtered with a 0.2
183  um polycarbonate filter, and the filtrate was pre-concentrated onto a solid phase extraction

184  column (Bond Elut ENV, Agilent Technologies) and were treated and analyzed in the same

185  manner as the dissolved siderophore samples from the water column as described below. >’Fe
186  peaks from LC-ICPMS analyses were examined to determine whether any free °’Fe not

187  associated with each of the added siderophores was present. No significant free 3'Fe was

188  observed in these treatments, confirming the full complexation of each ligand in the siderophore
189  treatments (data not shown).

190
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Radioactive decay on each filter and in each treatment was determined using a liquid scintillation
counter (Beckman-Coulter LS6500). >°Fe disintegrations per minute (dpm) were background and
dead control corrected and converted to a concentration of Fe uptake using a standard curve. Fe
uptake rates were then calculated based on the total amount of Fe that was incorporated into
biomass onto each filter size fraction and in each treatment. Total Fe uptake over the 12-hour
incubation was converted to total Fe uptake per day (over 24 hours). We then estimated Fe
uptake rates for heterotrophic bacteria specifically, which we assumed to be the dominant
community responsible for any observed Fe uptake in the dark (Table S1). The Fe uptake per
heterotrophic bacteria cell per day (amol Fe cell! day!) was estimated using flow cytometry cell
counts of heterotrophic bacteria (in the >’Fe treatments) and the total Fe uptake in the dark (Table
S1). Fe:C ratios (umol:mol) for heterotrophic bacteria were calculated using a carbon quota of
12.4 fg C cell'! (Strzepek et al. 2005; Boyd et al. 2015) and assuming a growth rate of 1 day™!
(Jones et al. 1996, (Table S1)). As an additional constraint on Fe:C per cell, Fe uptake rates were
compared to average rates of bacterial carbon production measured at or near Station ALOHA —
2348 nmol C L! day! and 0.9+1.3 nmol C L! day! at 5 m and 300 m, respectively. The rate of
bacterial production at 5 m is an average value of those measured at Station ALOHA (Viviani
and Church 2017). The mean rate at 300 m was calculated from measurements conducted on
three cruises near Station ALOHA in the North Pacific subtropical gyre — KOK1507, KM1605,
and KM1709. All data are publicly available on the Simons Collaborative Marine Atlas Project.
In each case, leucine incorporation was measured using the methods described by Smith and
Azam (1992) and a conversion factor of 1.5 kg C mol™! leucine was used to convert leucine

incorporation to bacterial carbon production.


https://doi.org/10.1101/2022.10.04.510528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.04.510528; this version posted April 2, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

214  In addition to Fe uptake rates, the turnover rate of Fe in each treatment was calculated based on,
215

216 (1) furnover rate = total Fe uptake rate/total Fo

217

218  where the total Fe uptake rate (pmol L! day™) is the sum of the radioactive Fe uptake in both
219  size fractions and the total Fe is the radioactive Fe added (1 nmol L) plus the in situ dFe

220  concentration (Bundy et al. 2018). The turnover time of Fe (in days) for each treatment was

221  calculated as 1/turnover rate.

222

223 2.2 Environmental parameters

224 Data for concentrations of nitrate+nitrite (NO3;+NO2"), chlorophyll @ (chl a), rates of primary
225  production, and carbon flux at Station ALOHA were accessed for the study period, January 1,
226  2013-December 31, 2016. All data is publicly available via the HOT-Data Organization and
227  Graphical System. Primary production is routinely estimated based on assimilation of '*C by the
228  HOT program at depths of 5, 25, 45, 75, 100, and 125 m (Karl et al. 2021). Particulate carbon
229  flux is measured from sediment traps at 150 m. Additional details on the sampling strategies used
230 by the HOT program can be found elsewhere (Karl and Lukas 1996) and the analytical methods

231  used for HOT measurements can be found online

232 (https://hahana.soest.hawaii.edu/hot/methods/results.html). NO3+NQO; concentrations were

233 determined using the high-sensitivity chemiluminescent method (Dore and Karl 1996; Foreman
234  etal. 2016). Depth integrated (0-150 m) fluxes and stocks were calculated using trapezoidal
235  approximations, assuming homogenous mixing between 0-5 m. To integrate rates of primary

236  production to 150 m, monthly mean rates measured at 150 m during the first 12 years of the
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237  HOT program (Karl et al. 2021) were added to the 0-125 m integrated value calculated during
238  this study period. The e-ratio for each HOT cruise during the study period was calculated as the
239  rate of particulate carbon flux measured at 150 m divided by the depth integrated (0-150 m) rate
240  of primary production.

241

242 Because samples for dFe (< 0.2 um) concentrations are not routinely measured by the HOT

243  program, measurements made from previous studies at Station ALOHA (Fitzsimmons et al.

244 2015; Bundy et al. 2018) have been reproduced here. These measurements largely fall within the
245  spring and summer months. Therefore, to visualize potential seasonal changes in dFe

246  concentrations, 3-day average dFe concentrations at Station ALOHA during the study period
247  were obtained from the MIT Darwin model (Dutkiewicz et al. 2015) via the Simons

248  Collaborative Marine Atlas Project (CMAP):

249  https://simonscmap.com/catalog/datasets/Darwin_Nutrient. Seasons were defined in this study

250  as — Winter: December, January, February; Spring: March, April, May; Summer: June, July

251  August; Fall: September, October, November. Additionally, vertical regions were defined here
252 as: upper euphotic zone: < 75 m, lower euphotic zone: > 75 m to < 150 m, upper mesopelagic
253 zone: > 150 m to < 300 m, mid-mesopelagic zone: > 300 m to < 500 m.

254

255 2.3 Siderophore collection and analyses

256  Dissolved siderophore samples were collected on six cruises from 2013-2016, each within 100
257  km of Station ALOHA (Table S2). Samples were collected via Teflon diaphragm pump or 8§ L
258  X-Niskin bottles on a trace metal rosette using a non-metallic line. Samples were filtered (0.2 um

259  Acropak 200 or Pall capsule) into acid-cleaned fluorinated high density polyethene 200 L barrels
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260  (expeditions from 2013-2014; Boiteau et al. 2013) or 20 L carboys (all other expeditions; Bundy
261  etal. 2018). For each sample collected in 2013 and 2014, 20-800 L of filtered seawater was

262  preconcentrated, and for all other samples 15-20 L of filtered seawater was collected. Filtered
263  samples were preconcentrated at a flow rate of 15-18 mL min™! onto 1000 mg solid phase

264  extraction columns containing (Bond Elut ENV, Agilent Technologies). After preconcentration,
265  each column was flushed with three column volumes of trace metal clean type I deionized water
266  until dry and then was stored at -20°C until analysis.

267

268  Solid phase extraction columns were slowly thawed in the dark and then eluted with three

269  column volumes of distilled or Optima grade methanol (Fisher Scientific). Methanol extracts
270  were dried to approximately 0.5-1 mL using a SpeedVac (Thermo Fisher). Either 25 or 50 pL of
271  the extract was first injected onto a PEEK-lined C8 column and compounds were separated using
272 liquid chromatography (LC) on a Dionex 3000 high pressure liquid chromatography (HPLC)
273  system. Details on the chromatography are presented in Boiteau et al. (2016) and Bundy et al.
274  (2018). Briefly, compounds were separated using a 20 minute gradient of 95% solvent A/5%
275  solvent B to 10% solvent A/90% solvent B (solvent A = 5 mM ammonium formate in type I

276  deionized water, solvent B =5 mM ammonium formate in distilled methanol), followed by an
277  isocratic step from 90% to 95% solvent B (Boiteau et al. 2016; Bundy et al. 2018). Fe-bound
278  compounds eluted from the column were monitored by inductively-coupled plasma mass

279  spectrometry (ICP-MS) on an iCap-Q. The sample was introduced at a flow rate of

280  approximately 50 pul min"! and oxygen add gas was introduced at a flow rate of approximately 25
281  mL min! to minimize the deposition of reduced carbon on the cones. The ICP-MS was equipped

282  with a perfluoroalkoxy micronebulizer (PFA-ST; Elemental Scientific), platinum sampler and
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283  skimmer cones, and a cyclonic spray chamber cooled to 0°C. Counts per second of *’Fe, >'Fe,
284  5%Fe and ¥Co were monitored in kinetic energy discrimination mode (KED) and distinct peaks in
285  Fe and >'Fe were integrated using in-house R scripts. Peak areas were converted to

286  concentration using a four-point standard curve with ferrioxamine E, and were corrected for
287  sensitivity changes throughout the run using the peak area of **Co from a cyanocobalamin

288 internal standard. All distinct quantifiable Fe peaks were categorized as putative siderophores
289  and the concentrations of these peaks were summed for each sample to give a total siderophore
290  concentration (Table S2).

291

292 To identify the putative siderophores, samples were then analyzed using LC coupled to

293  electrospray ionization mass spectrometry (ESI-MS) on an Orbitrap Fusion (Thermo Scientific).
294  The same chromatography was used, and the ICP-MS and ESI-MS data were aligned based on
295  the retention time of the *°Co peak from cyanocobalamin in the ICP-MS trace and the presence
296  of the cyanocobalamin m/z in the ESI-MS data (m/z = 678). Putative siderophores were identified
297  using a targeted search of the MS! m/z based on a database of known siderophores (Baars et al.
298  2014). Fragmentation data (MS?) was then examined and compared to literature values or in-
299  silico fragmentation prediction (CFM-ID 3.0), and siderophores that had a matching MS?

300  fragment to literature values or in-silico prediction were assigned a structural identification

301 (Table S2).

302

303 2.4 Siderophore biosynthetic gene cluster analysis

304  Details on the sampling, processing and data analyses of metagenomes collected at Station

305 ALOHA are presented elsewhere (Mende et al. 2017; Luo et al. 2020). The ALOHA gene
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306  catalog consists of ~8.9 million non-redundant genes detected from concentrated plankton

307  biomass (0.22-1.6 um) collected between the surface and 1,000 m over ~1.5 years at near

308  monthly frequency (Mende et al. 2017). To identify putative siderophore biosynthetic gene

309  clusters (BGCs) within the ALOHA gene catalog, biomarker genes for both NRPS pathways and
310  NIS pathways were first identified. To identify NIS pathways in the ALOHA gene catalog,

311  hidden Markov models (HMMs) for the conserved domains pfam04183 (IucA/IucC siderophore
312 synthases) and pfam06276 (FhuF-like reductases) were searched for in the ALOHA gene catalog
313 using HMMER (Eddy 2011) which resulted in the detection of 20 NIS homologs (Table S3). NIS
314  pathways are specific to siderophore biosynthesis, hence the 20 identified NIS homologs could
315  be confidently attributed to siderophore biosynthesis. For NRPS biosynthetic pathways, we

316  searched for the conserved domain pfam00501, an AMP-binding domain inclusive of the

317  adenylation domain of NRPS modules. The resulting 28,000+ genes were then screened with
318 antiSMASH (Medema et al. 2011) to determine the presence of a complete or near-complete

319  NRPS module with adenylation, peptidyl carrier protein (pfam00550), and condensation

320  (pfam00668) domains. This resulted in the detection of 132 NRPS homologs. Because NRPS
321  biosynthetic pathways are not unique to siderophore biosynthesis, further examination of the

322  identified NRPS homologs was required. Each NRPS homolog, along with neighboring genes
323  from the ALOHA gene catalog contig assembly, were analyzed using the predictive tools within
324  the antiSMASH pipeline with default parameters for the relaxed detection strictness setting. In
325  addition to the default features, MIBiG cluster comparison and Cluster pfam analysis were also
326  performed. This enabled predictions of the amino acid specificity for each adenylation domain
327  within the NRPS modules, detection of additional conserved domains, and BLAST comparisons

328  to characterized biosynthetic gene clusters. This resulted in the putative identification of 18
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329  NRPS pathways for the biosynthesis of siderophores from the ALOHA gene catalog (Table S3).
330  Combined, a total of 38 putative siderophore BGCs consisting of 101 unique genes were

331 identified and used for downstream analysis (Table S3). The antiSMASH pipeline was utilized to
332 assign putative structural characterizations to these siderophore BGCs based on comparisons to
333  known biosynthetic pathways. We note that while this is a conservative approach to identifying
334  siderophore BGCs that may exclude siderophores without well characterized biosynthetic

335  pathways, it has resulted in a list of genes with high percent identity to known siderophore

336  biosynthesis genes, giving us confidence in the functional annotation of genes used for

337  downstream analysis.

338

339  To examine the distribution of siderophore BGCs with depth and across time at Station ALOHA,
340 metagenomic sequence reads from plankton biomass (> 0.2 um) collected on HOT cruises

341  between May 2015 and April 2016 (NCBI BioProject PRINA352737) were mapped to open

342  reading frames (ORFs) of the ALOHA gene catalog. In total, this consisted of 132 samples from
343  5-500 m, spanning 11 months. Forward and reverse reads from each sample were quality

344  trimmed with Trimmomatic (Bolger et al. 2014) and mapped to the ALOHA gene catalog using
345 BWA (Li and Durbin 2009) with a 95% nucleotide identity threshold and minimum alignment
346  length of 45 bp. Reads aligned as proper pairs were then counted with FeatureCounts (Liao et al.
347  2014) and multiple mappers were fractionally distributed. Finally, read counts were normalized
348  toreads per kilobase per million (RPKM) for further analysis. Reads from the 2015-2016 dataset
349  recruited to 24 of the 38 siderophore BGCs identified in the ALOHA gene catalog (Table S3).
350

351 3. Results
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352 3.1 Uptake and turnover time of siderophore-bound iron by the microbial community

353  Uptake rates of inorganic Fe were the highest across all treatments (Fig. 1B, Table S1). The

354  inorganic Fe treatments were denoted as FeL, since the added FeCls likely associated with

355  unbound natural ligands present in excess of the in situ dFe in the experiment (Bundy et al.

356  2018). Uptake rates of FeL at both 15 m and 300 m were higher on average in the 0.2-2.0 pm
357  size fraction compared to the >2.0 um size fraction. In the >2.0 um size fraction, uptake rates of
358  FeL at 15 m were comparable in the light and the dark (~36 pmol L'! day!). In contrast, FeL
359  uptake was higher (on average) in the light (85 pmol L' day™!) compared to the dark (50 pmol L*!
360 day!)in the 0.2-2.0 pm size fraction (Fig. 1B).

361

362  Siderophore-bound Fe was readily accessible by the microbial community at 15 m and 300 m at
363  Station ALOHA (Fig. 1B, Table S1). The relative uptake rate varied for the different Fe-

364  siderophore treatments. At both depths, the Fe-amphibactin amendment was taken up the fastest
365 (54 pmol L! day™), followed by ferrioxamine E (19 pmol L' day™!") and ferrioxamine B (9 pmol
366  L!day"). In contrast to FeL, the uptake rate of siderophore-bound Fe was generally higher in the
367  dark (33 pmol L'! day!) compared to the light (14 pmol L' day!). Similar to the FeL treatment,
368  Fe uptake was higher on average in the 0.2-2.0 um fraction compared to the >2.0 pm fraction
369  across all siderophore treatments (Fig. 1B).

370

371  Surprisingly, the uptake rate of siderophore-bound Fe was higher at 300 m compared to 15 m
372  leading to shorter Fe turnover times (Fig. 1C). In general, at both 15 m and 300 m the turnover
373  times were shortest in FeL treatments, followed by Fe bound to amphibactins, ferrioxamine E

374  and ferrioxamine B. The average turnover time of Fe at 15 m ranged from 1548 days in the FeL
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375  treatment to 2524376 and 215165 days in the ferrioxamine E and ferrioxamine B treatments,
376  respectively. Mean turnover times at 300 m ranged from 9+4 days in the FeL treatment to 65+4
377  days in the ferrioxamine B treatment (Fig. 1C). Across all treatments, turnover times of Fe were
378  consistently shorter at 300 m compared to 15 m (Fig. 1C), though this difference was only

379  significant in the ferrioxamine B treatment (pairwise t-test, p < 0.05).

380

381  The Fe uptake rate per cell (amol Fe day™!' cell'!) was calculated from the total Fe uptake rate.
382  The Fe uptake rates in the dark from the 0.2-2.0 and >2.0 pum size fractions were summed for a
383  given Fe substrate (Table S1) and normalized to the abundance of heterotrophic bacteria

384  measured via flow cytometry, assuming that the Fe uptake in the dark treatments was dominated
385 by these organisms. This is likely a valid assumption for the experiments done at 300 m, but for
386  experiments done at 15 m there could be additional Fe uptake in the dark by phytoplankton. The
387  resulting Fe uptake per cell at 15 m ranged from 0.01-0.14 amol Fe cell”! day™!, increasing to
388  0.18-1.46 amol Fe cell"! day! at 300 m given the higher total rates of Fe uptake and much lower
389  cell abundances (Table S1).

390

391  Cellular Fe:C ratios were calculated in two different ways (see section 2.2). The first, determined
392  an Fe quota per cell (pmol Fe cell™!) at the end of each experiment assuming a bacterial growth
393  rate of 1 day! (Jones et al. 1996), such that the Fe uptake rate per cell is equal to the cellular Fe
394  quota. These cellular Fe quotas were then converted to Fe:C ratios using a fixed carbon quota of
395  12.4 fg C cell’! (Strzepek et al. 2005; Boyd et al. 2015). The second method compared total Fe
396  uptake rates (pmol Fe L' day™!) to average rates of bacterial carbon production measured at or

397  near Station ALOHA (23 nmol C L' day! and 0.9 nmol C L! day! at 15 m and 300 m,
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398  respectively). This represents the ratio at which Fe and C are actively being acquired by bacterial
399  cells and does not require assumptions of growth rates or cellular carbon quotas, but does

400  presume a constant leucine:carbon ratio within biomass. At 15 m, the Fe:C per cell calculated
401  using a fixed carbon quota ranged from 6.84+3.5 pmol:mol (ferrioxamine B treatment) to 68143
402  umol:mol (FeL treatment; Table S1). In contrast, the Fe:C calculated using average rates of

403  bacterial production ranged from 3804192 pmol:mol to 377542386 umol:mol (Table S1). We
404  note that assuming a lower heterotrophic bacterial growth rate of 0.05 day™! in surface waters
405  (Kirchman 2016) with a fixed carbon quota results in higher Fe:C ratios determined by the first
406  method, and would reduce the discrepancy between these two methods. We however chose to
407  keep the estimates using a growth rate of 1 day™! as our lower bound since these estimates are
408  comparable to previous Fe:C values reported previously (Tortell et al. 1999). Irrespective of
409  which approach was used, the Fe:C per cell was higher at 300 m than 15 m. The Fe:C per cell
410  calculated from a fixed carbon ratio at 300 m ranged from 88+6 pmol:mol (ferrioxamine B

411  treatment) to 7114305 umol:mol (FeL) treatment, while Fe:C per cell based on bacterial

412  production ranged from 17,0444+1131 to 137,5001+58,941 umol:mol in the ferrioxamine B and
413  FeL treatments, respectively (Table S1). These high Fe uptake rates were observed even after
414  oxalate washing to remove adsorbed Fe and subtraction of a dead control, indicating that they do
415  reflect internalization and uptake of Fe and not, for example, authigenic Fe precipitation.

416

417 3.2 Seasonal changes in nutrients and productivity at Station ALOHA during the study period
418  Station ALOHA is a well-studied oligotrophic time-series station in the North Pacific that is
419  sampled by the HOT program on a nearly monthly basis (Fig. 1A). This region is characterized

420 by low surface nutrient concentrations and a persistent deep chlorophyll maximum (DCM)


https://doi.org/10.1101/2022.10.04.510528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.04.510528; this version posted April 2, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A 5 o= O Winter 54 8 © Winter
—_—— @® Spring @ Spring
. _._C -
25 —_—— © Summer 25 8 O Summer
—O—
. —— @ Fall - @ Fall
% === % 8 al
E 754 —— £y 8
s S
o | 0 o i
S 100 —_— gl &
[a) [m)] o
125+ __+c 125 —Sg—
—_—— i —O0—
150 - o 150 —_
—— ———
] —— 175 4 e ——
175 = =
0.0 0.1 0.2 0 1000 2000 3000
- - - -1
Chla(ugL™ NO,+NO; (nmol L)
C 591 = D 54 ——
_._
254 = —_— _——
254 Y
454 = —_— R —
— — —
S S 45
E 754 = o = _—
= =
Q —0— Q. —0—
o 1001 —= O 754 el
a o ° O Winter
1254 —a—0— [ S—
100 —_— @ Spring
150 O4—a— © °
o Summer
1754 e . 125 _._—_8.— @ Fall
T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.0 2.5 5.0 7.5 10.0
dFe (nmol L'1) Primary Production (mg C m3 day"1)

421  Figure 2. Depth profiles of (A) chlorophyll @ (Chl a) concentrations (ug L), (B) nitrate-+nitrite
422 (NOs+NOy) concentrations (nmol L), (C) dissolved iron (dFe) concentrations (nmol L), and
423 (D) rates of primary production (mg C m= day™') during the 2013-2016 study period at Station
424  ALOHA. Depth profiles in A, B, and C display the mean concentrations at each depth for a given
425  season and error bars represent the standard deviation from the mean. Depth profiles in C display
426  the mean dFe concentrations at each depth across the entire study period for available in situ

427  measurements (open squares) and model output from the MIT Darwin model (closed squares)
428  and error bars represent the standard deviation from the mean.

429

430  centered around 100 m (Fig. 2A). During the study period, monthly mean nitrate+nitrite (NO3
431  +NOy) concentrations in the upper euphotic zone ranged from 1.44+0.4 nmol L'! in August to
432 5.740.8 nmol L'! in November (Fig. 2B, S1A). Below 100 m, NO3;+NO>" concentrations

433 increased rapidly and were more variable than the upper euphotic zone. Between 100-150 m,
434 monthly mean NO3;+NO;" concentrations during the study period reached minimum values in

435  May (269.84274.6 nmol L") and maximum values in August (1967.3+1858.3 nmol L™}, (Fig. 2B,
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436  S1B)). The unusually high mean NO3+NO; concentrations observed in August during the study
437  period, along with the high degree of variability during this month, are likely the result of

438  strongly negative sea level anomalies present at Station ALOHA during August 2015, increasing
439  nutrient concentrations in the lower euphotic zone as a result of isopycnal uplift (Barone et al.
440  2019). Mean monthly depth integrated stocks of NO3+NO," (mmol N m) in the upper and

441  lower euphotic zone followed similar monthly patterns to that of average NO3+NO>

442  concentrations (Fig. S2).

443

444  The dFe concentrations are persistently low in surface waters at Station ALOHA. Since limited
445  dFe data was available during the study period, 3-day averaged dFe concentrations generated
446  from the MIT-Darwin model were used as a potential means to explore seasonal variation in dFe
447  concentrations, despite the known limitations of modeling dFe. Model output predicted

448  minimum concentrations of dFe in the upper euphotic zone with low seasonal variability (Fig.
449  2C). However, dFe measurements collected during spring and summer months between 2012-
450 2015 at Station ALOHA suggested dFe concentrations of the upper euphotic zone varied as

451  much as 10-fold (0.08 to 0.87 nmol L), variability that is not captured in the model output (Fig.
452  2C). This high degree of variability in the upper euphotic zone is likely a result of episodic

453  atmospheric dust deposition which can impact dFe concentrations in the upper euphotic zone
454  (Fitzsimmons et al. 2015). Given the lack of agreement between model output and observations
455  during the spring and summer in the upper euphotic zone, dFe availability in this region of the
456  water column during fall and winter remains unconstrained without further measurements. Both
457  model and observational data suggested consistently low (< 0.1 nmol L") dFe concentrations

458  between 100-125 m, corresponding with the typical depth of the DCM. Below 125 m, dFe
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459  concentrations began to increase. However, observational data suggest there is a deeper ferricline
460  than that indicated by model output.

461

462  During the study period, rates of primary production ranged from 0.2 — 11.8 mg C m™ day!

463  throughout the euphotic zone, with the lowest values observed in winter (Fig. 2D, S1A). Mean
464  monthly rates in the upper euphotic zone peaked in October (7.842.4 mg C m™ day™") and were
465  the lowest in February (4.8+£1.9 mg C m? day!; Fig. S1A). Between 100-150 m, mean monthly
466  rates of primary production peaked in July (4.2+0.8 mg C m? day™!) with minimum values

467  observed in December (1.1+0.3 mg C m? day!; Fig, S1B). During the study period, depth

468  integrated rates of primary production (0-150 m) increased from winter to summer before

469  decreasing in fall (Fig. 3A). Maximum monthly mean values were observed in June (728.84+87.6
470  mg C m? day') and minimum values in December (453.4423.0 mg C m2 day™!). The particulate
471  carbon flux at 150 m during the same time period showed similar monthly patterns to primary
472  production (Fig. 3B), but with relatively higher fluxes observed during January and February. As
473 aresult, relatively small changes in the monthly mean e-ratio (calculated as the fraction of the
474  total depth integrated rate of primary production from 0-150 m that is captured in the particulate
475  carbon flux at 150 m) were detected, but followed similar patterns to those of particulate carbon
476  flux (Fig. 3C). The highest monthly mean values were observed in February (0.062+0.031) and
477  August (0.058%0.021) with the lowest in December (0.030+£0.009). The average C:N ratio of the
478  particulate flux at 150 m increased over the summer months from 6.84+0.3 in April to 8.4+1.2 in
479  August, indicating that carbon-enriched particulate matter contributed to periods of high and

480  relatively efficient export. However, the overall low e-ratios observed across the study period are

481  consistent with intense remineralization of organic matter within the euphotic zone. Seasonal
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482  patterns in productivity observed during the 2013-2016 study period discussed here are

483  consistent with those observed across the entire 30 year period of the HOT program (Karl et al.
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485  Figure 3. Monthly and seasonal mean values of (A) depth-integrated rates of primary production
486  (mg C m? day™') from 0-150 m, (B) particulate carbon flux (mg C m day™!) at 150 m, (C) the e-
487  ratio defined as the proportion of particulate carbon flux at 150 m compared to the 0-150 m

488  depth-integrated rate of primary production, and (D) the C:N ratio of sinking particulate matter
489  collected at 150 m at Station ALOHA during the 2013-2016 study period. Error bars represent
490  the standard deviation from the mean.

491

492 3.3 Seasonal distribution of siderophores and siderophore biosynthesis genes at Station ALOHA
493  Dissolved siderophore concentrations and the abundance of siderophore BGCs changed

494  seasonally at Station ALOHA as well as with depth (Fig. 4 and 5). Total dissolved siderophore
495  concentrations varied from undetectable to 95.3 pmol L! during the entire study period. Note

496  that in the fall, siderophore concentrations were only measured at 15 m, limiting assessment of
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seasonality in siderophore concentrations in the mesopelagic waters during this season. Average
siderophore concentrations throughout the whole water column were highest in the spring
(21.8441.5 pmol L), fall (8.4+8.1 pmol L"), and summer (3.0+4.2 pmol L!) and lower in
winter (0.440.6 pmol L', Fig. 5). However, high variability was observed within each season. In
the upper euphotic zone where the most samples were collected, siderophore concentrations were
highest on average in the spring (47.8+£67.2 pmol L), fall (8.4+8.1 pmol L), and summer

(2.440.1 pmol L), followed by winter (0.4+0.3 pmol L"!; Fig. 4, Table S2).
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Figure 4. Seasonality in dissolved siderophore concentrations (pmol L) at Station ALOHA
between 2013-2016. Bars display the mean values of measurements collected within the same
depth range for a given season and error bars, when present, represent the standard error of the
mean. When no data are present for a given depth range and season, no samples were collected
during that time. Depth ranges are as follows: upper euphotic 0-75 m, lower euphotic > 75 m <
150 m, upper mesopelagic > 150 m < 300 m, mid-mesopelagic > 300 m < 500 m.

The capacity for siderophore production as indicated by the presence of ORFs from siderophore
BGCs was detected at Station ALOHA across all seasons and at all depths sampled during the

study period (Fig. 5A, Table S3). Similar to dissolved siderophore concentrations, ORFs from
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514  Figure 5. Seasonal abundance of ORFs (RPKM) from 51der0ph0re BGCs detected at Station
515  ALOHA between May 2015-April 2016. (A) Box plots display the interquartile range of ORF
516  abundances detected within a given depth range and season. Median values are plotted as solid
517  wertical lines, and outliers are plotted as distinct points. Depth ranges are as follows: upper

518  euphotic 0-75 m, lower euphotic > 75 m < 150 m, upper mesopelagic > 150 m < 300 m, mid-
519  mesopelagic > 300 m < 500 m. (B) Box plots display the interquartile range of ORF abundances
520  detected within a given month or season in the euphotic (0-150 m) and mesopelagic (150-500 m)
521  zones. Median values are displayed as solid horizontal lines and outliers are plotted as distinct
522  points. No data available for September.

523

524 siderophore BGCs also showed low and relatively uniform median abundances (< 0.2 RPKM) in

525  the winter in both the euphotic and mesopelagic zones, increasing in the euphotic zone in the

526  spring (Fig. 5B). Monthly median ORF abundances in the euphotic zone peaked during the
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summer (July, 0.30 RPKM), decreasing throughout the fall in the upper euphotic zone, but
remaining elevated in the lower euphotic zone. Lowest monthly median ORF abundances in the
euphotic zone were observed in January and February (0.04 RPKM). Mesopelagic ORF
abundances were less seasonally variable (Fig. 5B), with median ORF abundances ranging 0.05-
0.11 RPKM. Monthly median ORF abundances were maximal in April (0.15 RPKM) and ORFs
from siderophore BGCs were not detected in October in the mesopelagic.

Table 1. Siderophores measured in the water column and siderophore biosynthetic gene clusters
(BGCs) identified at Station ALOHA. Siderophores identified in the water column are grouped
according to type and are shown in the table based on that grouping. For example, multiple
different forms of amphibactins were detected (Table S2) but are all grouped here under

“amphibactin.” Specific siderophore IDs can be found in Supplementary Table 2. The -’ denotes
that the specific siderophore was not found either in the water column or in the Station ALOHA

gene catalog.
. . BGC in
Siderophore Biosynthetic Depth(s) Season gene
Pathway catalog
aerobactin NIS - - yes
amphibactins NRPS 300-400  summer -
anguibactin NRPS - - yes
enterobactin NIS - - yes
spring,
ferrioxamaine NIS 15-400  summer, yes
winter
myxochelin NRPS - - yes
petrobactin NIS 15 winter yes
piscibactin NRPS 15 winter yes
(pseudo)alterobactin NRPS 15 winter yes
spring,
synechobactin NRPS 15,150  summer, -
winter
thalassosamide NIS - - yes
vanchrobactin NRPS - - yes
vibrioferrin NIS 15 winter yes

vibriobactin NRPS - - yes
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540  Several different siderophores were detected both as dissolved siderophores in the water column
541 and as a BGC in the Station ALOHA gene catalog (Table 1). Of those identified in the water
542  column, primarily hydroxamate siderophores were detected, with ferrioxamines and

543  amphibactins being the most common (Table 1). The detected siderophore BGCs largely

544  belonged to catecholate and carboxylate-type siderophores (Table 1). Two ferrioxamine BGCs
545  were identified in the ALOHA gene catalog, however, these BGCs were not detected in the

546  2015-2016 metagenomic dataset. Several siderophores were found both in the water column and
547  in the metagenomes, including petrobactin, pseudoalterobactin, piscibactin and vibrioferrin

548  (Table 1). The biosynthesis genes were primarily homologues of known genes from Vibrio,

549  Photobacterium, Alteromonas, and Pseudoalteromonas (Table S3).

550

551 4. Discussion

552 4.1 Turnover times of inorganic iron and iron-siderophore complexes reflect bioavailability to
553 the microbial community

554  Siderophore mediated acquisition of dFe involves secretion, uptake, and recycling of these

555  compounds, and the turnover time of each Fe source reflects its bioavailability. Siderophore-
556  bound Fe was taken up less rapidly than the inorganic Fe additions, which were likely complexed
557 by unbound ambient ligands. Siderophore Fe uptake had average turnover times ranging from
558  15-250 days (Fig. 1C) and an average turnover time of 148 days from all depths and siderophore
559  treatments, while FeL turned over more rapidly averaging 14 days (Fig. 1C). The different

560 turnover times reflects differences in the bioavailability of inorganic versus organically-bound Fe
561  (Lisetal. 2015). The average turnover times of FeL observed in this study were very similar to

562  turnover times of 14-18 days in the mixed layer during June 2019, measured at or near
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563  background dFe concentrations at Station ALOHA (Hawco et al. 2022). The shorter turnover of
564  FeL likely reflects weaker binding of inorganic Fe associated with ligands naturally present in
565  seawater, which are more accessible to phytoplankton using ferric reductases as an uptake

566  mechanism (Maldonado and Price 2001; Salmon et al. 2006; Lis et al. 2015; Coale et al. 2019).
567  Moreover, we found rates of FeL uptake were higher in the light than in the dark, suggesting
568  significant uptake by photoautotrophs. Uptake rates of siderophore-bound Fe, in contrast, were
569 always higher in the dark than the light, suggesting that siderophore Fe consumption was likely
570  controlled by heterotrophic plankton and that photochemical impacts on the uptake of

571  siderophore-bound Fe were minimal (Barbeau 2006). The turnover time of Fe bound to

572  siderophores was also much longer, on the order of weeks to months, suggesting that Fe bound to
573  siderophores is longer-lived than the inorganic and/or weakly bound Fe pool, and may help to
574  retain dFe in both euphotic and upper mesopelagic waters.

575

576  Turnover times of siderophore-bound Fe varied depending on the siderophore. Fe associated
577  with amphibactins was taken up more quickly than ferrioxamine E or B (Fig. 1B). Amphibactins
578  have a lower binding affinity to dFe (log of the conditional stability constants = 12.0-12.5;

579  Bundy et al. 2018) compared to ferrioxamines (log of the conditional stability constants = 14.0-
580 14.4; (Bundy et al. 2018)), and therefore Fe could be more easily reducible from amphibactins.
581  Alternatively, more members of the microbial community may possess direct Fe-amphibactin
582  uptake pathways, but these uptake pathways are not well constrained. The relative turnover times
583 and bioavailability of the different siderophores therefore, appeared to be governed by their

584  binding strengths in this case. In our experiments, the highest uptake rates of siderophore-bound

585  Fe were also found in the 0.2-2.0 um size fraction and in the dark, suggesting Fe bound to
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586  siderophores may be more accessible to heterotrophic bacteria rather than larger

587  photoautotrophs.

588

589 4.2 Rates of iron acquisition by the microbial community are elevated in the mesopelagic waters
590  of Station ALOHA relative to the surface

591  An unexpected result of this work was the faster uptake rates and shorter turnover times of Fe
592  observed at 300 m compared to 15 m, especially in the case of siderophore-bound Fe, resulting in
593  higher uptake rates per cell and higher Fe:C ratios at depth. There are several experimental

594  details that should be considered when interpreting these observations. While these factors were
595  controlled for whenever feasible, the possibility remains that they have influenced the results
596  presented here. For example, macronutrients are elevated at 300 m relative to 15 m, so it is

597  possible Fe uptake rates were enhanced due to relief from macronutrient limitation. However,
598  our surface water treatments included modest NO3~ amendments that should have alleviated

599  nitrogen limitation. The experiments at 300 m were also incubated at the same temperature as the
600 15 m experiments, likely enhancing the uptake rate of Fe relative to in situ rates due to increased
601  metabolic activity at higher temperatures. However, it is not clear why this would stimulate

602  uptake rates above those measured in surface waters. An additional possibility is that the > Fe
603  adsorbed to the outside of cells or detritus more readily at 300 m, causing apparent high Fe

604  uptake compared to 15 m. If this was the case, we would have expected the dead controls from
605 300 m to have significantly higher activities than those from 15 m, and this was not observed.
606  Furthermore, oxalate rinsing was applied to all samples, which should remove most (if not all)
607  adsorbed Fe. Finally, in terms of the observed Fe:C ratios, an additional source of uncertainty

608 may come from the conversion of Fe uptake to Fe:C using a fixed carbon quota. Fe:C ratios
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609  based on a fixed carbon quota overlap with published values for surface waters, but resulted in
610  values for 300 m that were significantly higher (Table S1). If the actual carbon quota per cell is
611  significantly higher in heterotrophic bacteria at 300 m, then the calculated Fe:C ratios presented
612  here could be artificially elevated. Carbon biomass estimates are not available for any cultured
613  marine bacteria from mesopelagic waters, so we are not able to determine if this fixed carbon
614  quota is too low.

615

616  Accounting for these possible experimental artifacts, it is likely that the fast uptake rates and

617  short turnover times of Fe observed at 300 m are related to ecologically relevant differences in
618  Fe acquisition by the microbial community at this depth. The Fe requirements of heterotrophic
619  bacteria are not well known, but evidence suggests they are elevated relative to large

620  phytoplankton (Fe:C ~ 2.0 umol: mol) or cyanobacteria (Fe:C ~ 19 pmol: mol) (Strzepek et al.
621  2005). Published estimates for heterotrophic bacteria Fe:C ratios range from 7.5 (Tortell et al.
622 1996) to 83 umol: mol (Mazzotta et al. 2020), and the observations at 300 m in this study expand
623  that range to upwards of 700 umol: mol. The range of Fe requirements observed across these
624  studies likely varies according to experimental growth conditions and the lifestyle strategies of
625  specific groups of bacteria under consideration. In the current study, the 1 nmol L' dFe additions
626  and slightly higher in situ dFe concentrations at 300 m may have supported luxury Fe uptake and
627  storage by the in situ bacteria community. This could lead to higher Fe uptake at these depths,
628  and much higher Fe:C quotas than for surface bacteria communities. Previous work has

629  identified multiple copies of the Fe-storage protein bacterioferritin in a cultured marine

630  heterotroph (Mazzotta et al. 2020) and modeling work suggests that bacteria competitively

631  consume Fe and that Fe storage plays a large role (Ratnarajah et al. 2021). Alternatively, it is
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632  possible that the consumption of refractory dissolved organic matter at these depths has a higher
633  Fe requirement for marine bacteria, though this has not been explored to our knowledge. The
634  energy starved microbial community in the upper mesopelagic could have elevated metabolic
635  requirements for Fe (Tortell et al. 1996) relative to the surface ocean community, potentially
636  resulting from differences in the lability or oxidation state of organic matter. Additionally,

637  nitrifying bacteria and archaea, whose cellular abundances significantly increase in mesopelagic
638  waters, appear to have high Fe requirements (Shafiee et al. 2019; Saito et al. 2020). In addition to
639 the high uptake rates and Fe:C quotas observed here, other lines of evidence are starting to point
640  to an increased demand for Fe in the mesopelagic. For example, high concentrations of

641  siderophores have been observed in the upper mesopelagic ocean, suggesting active Fe uptake at
642  these depths (Bundy et al. 2018; Park et al. 2023; Li et al. 2024). Ultimately, understanding the
643  Fe requirements of mesopelagic bacteria could have important implications for carbon and Fe
644  cycling in the twilight zone.

645

646 4.3 Siderophore production at Station ALOHA reflects seasonal variation in primary production
647  and organic matter availability

648  Measurements of dissolved siderophores highlight seasonal differences at Station ALOHA, with
649  siderophore concentrations greatest in the spring, summer and fall but almost entirely absent or
650  low in winter (Fig. 4). There was high variability in total dissolved siderophore concentrations
651  and the identity of siderophores observed over the study period. Some of this variability may
652  have been caused by factors related to method developments over time. For example,

653  siderophore concentrations were relatively high during our only fall sampling period (2013), but

654  we were not able to identify specific siderophores with high confidence in these samples (Table
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655  S2). These samples were collected during the development of our LC-ICP-MS and LC-ESI-MS
656  methods, and since that sample collection, continued improvements in detection limits and

657  ionization parameters have enhanced our ability to detect siderophores with high confidence.
658  Collecting profile samples during this time was not possible, because of the high volumes of
659  water that were needed (800 L). However, improvements to methodological sensitivity prior to
660  sample collection in 2014 allowed for the high confidence detection of several siderophores from
661  the winter cruise in this year despite the relatively low concentrations that were observed (Table
662  S2). The dissolved siderophore distributions were notably higher in the spring, summer, and fall,
663  even when only considering surface waters (Fig. 4). The elevated concentrations of dissolved
664  siderophores in spring and summer were matched by a higher potential for the microbial

665  community to biosynthesize siderophores during these seasons, particularly in the euphotic zone
666  (Fig. 5). Of the 14 different types of siderophores identified using mass spectrometry or from
667  gene pathways in the metagenomes, 5 were found in both (Table 1). The remaining compounds
668  were either only found in the water column and not in the metagenomes (2 of the 14), or

669  conversely, the biosynthesis genes were found (7 of the 14) but the compound was not identified
670  in the water column samples. A wide structural diversity of siderophores has been detected using
671  the LC-MS techniques employed here (Boiteau et al. 2019), making it unlikely that specific

672  siderophores escaped detection in the water column due to methodological bias. Therefore, the
673  limited overlap in the dominant siderophores measured and the BGCs identified suggests that
674  either some compounds may be underestimated from metagenomic approaches, or that some
675  siderophores cycle too rapidly to be observed in measurable quantities. Further uptake studies
676  examining the bioavailability of the siderophore groups dominant within the metagenomes, such

677  as catecholate-type siderophores, will help to further explain these differences.
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678

679  Seasonality in nutrient supply, productivity, and export have all been documented in the North
680  Pacific subtropical gyre and Station ALOHA (Fitzsimmons et al. 2015; Hawco et al. 2021; Karl
681  etal. 2021) and all impact microbial community structure and thus siderophore production. In
682  the spring, primary production begins to increase at Station ALOHA (Fig. 2 and 3). This is

683  thought to be a result of increasing solar irradiance (Karl et al. 2021) and these changes are

684  especially evident in the lower euphotic zone ((Letelier et al. 2004, 2017); Fig. S1 and S2). This
685  springtime increase in productivity generally coincides with the peak in Fe delivery to this region
686  (Fitzsimmons et al. 2015). During this time, Fe is delivered primarily via atmospheric dust

687  deposition which introduces lithogenic Fe particles to the surface ocean. In this study, the highest
688  concentrations of dissolved siderophores were observed in surface waters during the spring and
689  coincided with increasing biosynthetic capacity in the euphotic zone (Fig. 4 and 5). It is likely
690 that siderophore secretion by heterotrophic bacteria at Station ALOHA during this time may help
691  solubilize particulate Fe (Bundy et al. 2018) and to compete with other microorganisms for Fe
692  (Boiteau et al. 2016) as the Fe demand of the microbial community begins to increase during

693  these productive months. For example, ferrioxamines have been shown to be produced during
694  the degradation of sinking (Velasquez et al. 2016) or suspended particles (Bundy et al. 2018),
695  and high siderophore concentrations were observed in the North Pacific Transition Zone in a

696  region of high dust inputs (Park et al. 2023).

697

698  As primary production increases throughout the summer months at Station ALOHA, essential
699  nutrients such as NO3™ and dFe are consumed. During late summer, when the physical delivery of

700  NOs to the surface ocean is low, the nitrogen fueling these higher rates of production is thought
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701  to be supplied by N fixation (Karl et al. 2021). Rates of N> fixation peak in the late summer and
702  early fall at Station ALOHA when warm, stratified waters select for the growth of N»-fixing

703  cyanobacteria (Béttjer et al. 2017). This late summer production is also associated with a large
704 pulse of particulate carbon export that reaches the sea floor and is thought to be the result of

705  diatom growth supported by N»-fixing endosymbionts (Karl et al. 2012). As a result of increasing
706  primary production and temperature, rates of heterotrophic bacterial production are also elevated
707 by late summer at Station ALOHA (Viviani and Church 2017). However, during this period, dust
708  delivery to the surface ocean decreases (Fitzsimmons et al. 2015). Thus, an increased Fe demand
709  of the microbial community resulting from high rates of primary production, N> fixation, and
710  bacterial production coincides with low rates of Fe delivery and likely intensifies the competition
711  for Fe throughout the euphotic zone as summer progresses. This has the potential to set up

712 conditions favoring the production of siderophores by bacteria as a means to competitively

713 acquire Fe or to retain or recycle Fe in the euphotic zone over longer timescales (Boyd et al.

714 2015; Hayes et al. 2015; Hawco et al. 2022).

715

716  In addition to dissolved siderophore concentrations, the genetic potential for siderophore

717  biosynthesis also peaked during the summer months. Furthermore, a majority of the genera

718  found to have siderophore BGCs in this study, such as Vibrio and Alteromonas, contain known
719  copiotrophic bacteria, suggesting that siderophore production may be common to heterotrophs
720  responding to episodic inputs of organic matter during periods of elevated production (Fontanez
721  etal. 2015; Pelve et al. 2017; Church et al. 2021; Poff et al. 2021; Leu et al. 2022). These genera
722 have been found to be dominant in sediment trap material from Station ALOHA and in

723 association with sinking eukaryotes (Fontanez et al. 2015). Thus in many cases, siderophore
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724 production might largely be due to the Fe demand of heterotrophic bacteria as they consume
725  carbon from sinking particles (Hopkinson and Barbeau 2012). In this study, seasonal patterns in
726  the genetic potential for siderophore production within the euphotic zone closely followed those
727  of the abundance of both suspended and sinking particles, further suggesting that siderophore
728  biosynthesis may be directly tied to the dynamics of particle production. While the genetic

729  potential for siderophore production did not vary seasonally in the mesopelagic zone, elevated
730  dissolved siderophore concentrations were observed in the summer in this region of the water
731  column, potentially in response to the elevated particle flux escaping the euphotic zone during
732 this time. Finally, in winter, siderophore concentrations and the abundance of siderophore BGCs
733 were reduced significantly throughout the water column, likely reflecting the decrease in

734 metabolic activity or Fe demand of heterotrophic bacteria as productivity and the availability of
735  organic substrates diminish, or increased mixing that dilutes siderophores.

736

737  Together, the higher concentrations of siderophores from spring to fall and the dominance of
738  copiotrophic bacteria identified as potential siderophore producers in the metagenomes, predict
739  that siderophore production is heightened during periods of enhanced productivity at Station
740  ALOHA and provides compelling evidence that ligand production by the microbial community
741  plays an important role in the seasonal cycling and retention of Fe at Station ALOHA. Uptake
742  rates of Fe in the euphotic zone agree with previous measurements at Station ALOHA and imply
743 that Fe is cycled rapidly by the microbial community in this region. While less bioavailable than
744  inorganic Fe additions, siderophore-bound Fe proved to be a bioavailable source of Fe to the
745  microbial community in both the euphotic and mesopelagic zones. Importantly, we found the

746  resulting bioavailability depended on the specific siderophore structure, warranting additional
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747  studies focused on elucidating specific compounds in the Fe-binding ligand pool and their uptake
748  kinetics in natural communities. Due to longer turnover times of Fe bound to siderophores, the
749  production of strong siderophores has the potential to transform dFe into a form that persists in
750  the water column on longer time scales. The finding that Fe uptake rates and turnover times were
751  faster in the mesopelagic waters than in the surface ocean was surprising and merits further

752 investigation. Such results suggest Fe availability is impacting microbial dynamics and Fe

753  cycling at depth.

754
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Table S1. All 3°Fe uptake data from each experiment. The treatments are >>Fe-amphibactins
(Amp), >°Fe-ferrioxamine B (DFB), *>Fe-ferrioxamine E (DFE) and *FeCl; (FeL).The Fe:C* of
heterotrophic bacteria was calculated by assuming all dark treatments were dominated by
heterotrophic bacteria Fe uptake, so the total uptake (sum of 2.0 + 0.2 um uptake) in the 250 mL
bottle over the course of 12 hours was converted to total moles of Fe and then divided by the
total bacteria abundance at the end of the experiment determined by flow cytometry. A bacteria
carbon per cell of 12.4 fg C cell! (Boyd et al. 2015) was used to calculate bacteria carbon from
each treatment. The additional column of Fe:C” were calculated based on the comparison of iron
uptake rates (pmol Fe L' day™!) to rates of bacterial carbon productivity (nmol C L' day!) at
Station ALOHA at 15 m and 300 m depth.

Table S2. Dissolved siderophore concentrations (pM) and identifications from all six cruises in
different seasons. Only siderophores that were found complexed to iron are presented. The *-*
means that a high confidence (confirmed with MS?) siderophore identification was not possible
in that sample.

Table S3. The complete list of siderophore biosynthetic genes identified in the ALOHA gene
catalog with functional and taxonomic identifications given where possible. Genes specifically
identified in the 2015-2016 metagenomic dataset collected at Station ALOHA are noted as such.
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Figure S1: Monthly mean nitrate+nitrite (NO3+NO>") concentrations and rates of primary
production in the (A) upper euphotic zone (< 75 m) and (B) lower euphotic zone (> 75 < 150 m)
at Station ALOHA during the 2013-2016 study period.
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Figure S2: Monthly and seasonal mean depth-integrated concentrations of nitrate-+nitrite (NO3
+NOy") and rates of primary production in the (A) upper euphotic zone (< 75 m) and (B) lower
euphotic zone (> 75 < 150 m) at Station ALOHA during the 2013-2016 study period.
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