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The microbial degradation of marine particles is an important process in the

remineralization of nutrients including iron. As part of the GEOTRACES process study

(FeCycle II), we conducted incubation experiments with marine particles obtained from

30 to 100m depth at two stations during austral spring in the subtropical waters

east of the North Island of New Zealand. The particles were collected using in-situ

pumps, and comprised mainly of suspended and slow sinking populations along with

associated attached heterotrophic bacteria. In treatments with live bacteria, increasing

concentrations of Fe binding ligands were observed with an average stability constant

of logKFeL, Fe3+ = 21.11 ± 0.37 for station 1 and 20.89 ± 0.25 for station 2. The

ligand release rates varied between 2.54 and 11.8 pmol L−1 d−1 (calculated for ambient

seawater particle concentration) and were similar to those found in two Southern Ocean

subsurface studies from ∼110m depths in subpolar and polar waters. Dissolved iron

(DFe) was released at a rate between 0.33 and 2.09 pmol Fe L−1 d−1 with a column

integrated (30–100m) flux of 107 and 58 nmol Fe m−2 day−1 at station 1 and 2,

respectively. Given a mixed layer DFe inventory of ∼48 µmol m−2 and ∼4 µmol

m−2 at the time of sampling for station 1 and 2, this will therefore result in a DFe

residence time of 1.2 and 0.18 years, assuming particle remineralization was the only

source of iron in the mixed layer. The DFe release rates calculated were comparable

to those found in the previously mentioned study of Southern Ocean water masses.

Fe-binding ligand producing bacteria (CAS positive) abundance was found to increase

throughout the duration of the experiment of 7–8 days. For the first time ferrioxamine

type siderophores, including the well-known ferrioxamine B and G, have been quantified

using chemical assays and LC-ESI-MS. Our subtropical study corroborates prior reports

from the Southern Ocean of particle remineralization being an important source of DFe

and ligands, and adds unprecedented detail by revealing that siderophores are probably

an important component of the ligands released into subsurface waters during particle

remineralisation.
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INTRODUCTION

Iron is an essential metal required for many microbial enzymatic
activities (Geider and La Roche, 1994). It plays a central role in
controlling primary production over much of the world’s ocean.
Hence, many studies have focused on better understanding the
biogeochemical cycle of iron in the ocean (Rue and Bruland,
1995, 1997; Behrenfield et al., 1996; Boyd et al., 2000, 2005; Morel
and Price, 2003; Moore et al., 2013). Previous studies revealed
that over 99.9% of dissolved iron in the ocean is bound by
iron-complexing ligands (Gledhill and van den Berg, 1994; Van
den Berg, 1995; Tian et al., 2006; Sander et al., 2015). These iron-
binding ligands are separated into operational classes based on
trends in conditional stability constants—L1 being the strongest
Fe-binding ligand and L2,L3 etc. subsequently weaker ones (Rue
and Bruland, 1995; Sander et al., 2011).

Many studies have investigated the production and sources
of Fe-binding ligand classes (Gledhill and Buck, 2012).
Siderophores and possibly other strong iron binding ligands
with conditional stability constants similar to L1 class ligands
have been shown to be produced, and released, by heterotrophic
bacteria and cyanobacteria in response to iron limitation (Reid
et al., 1993; Wilhelm and Trick, 1994; Martinez et al., 2001;
Gledhill et al., 2004;Mawji et al., 2008a) or in response to episodic
Fe supply to take up Fe opportunistically (Adly et al., 2015).
Ligands, although probably not siderophores, were also released
or produced during micro and meso-zooplankton grazing on
phytoplankton during an in-situ mesoscale iron enrichment
experiments conducted in the western subarctic Pacific (Moore
and Braucher, 2008) and our present FeCycle II study (Boyd et al.,
2012). Other potential sources for iron binding ligand classes (L1
and weaker ligands) include virus lysis (Poorvin et al., 2011),
exopolysaccharides (Hassler et al., 2011), and humic substances
(Laglera and van den Berg, 2009; Abualhaija and van den Berg,
2014; Mahmood et al., 2015).

Particulate iron (PFe) is often the dominant form of iron
in the ocean (Frew et al., 2006; Lenes et al., 2009; Ellwood
et al., 2014, 2015). Hunter and Boyd (2007) pinpointed the
importance of understanding the particle dynamics of iron in
an effort to better understand the origins of iron-complexing
ligands. They proposed the so-called “ligand soup hypothesis,”
which suggested that almost any particulate organic matter,
after suitable mixing and timescale, will most likely generate
iron-complexing ligands. Some potential sources of the “ligand
soup” include the breakdown of sinking particles in biological
material and residual terrestrial organic matter transported from
the continental shelves (Hunter and Boyd, 2007). Aspects of
the “ligand soup” hypothesis were confirmed in a series of
experiments in Southern Ocean sub- and polar-waters in which
incubation of suspended and slow-settling particles resulted in
the release of both DFe and L2 iron-binding ligands (Boyd et al.,
2010).

The vertical distributions of iron-complexing ligands also
provide insights as to the provenance of the ligand classes.
Early papers already eluded to the possible linkage of the ligand
distribution and microorganisms, due to a strong correlation
between microbial abundance and ligand concentrations (Rue

and Bruland, 1995; Boye et al., 2001). Ibisanmi et al. (2011)
reported two ligand classes—termed sum of all ligand class
(6L) and a strong ligand class (L1). L1 was restricted to the
upper ocean (i.e., <200m depth), whereas 6L was observed
throughout the water column down to 1000m. These depth-
dependent trends, showing the presence of different ligand
classes in the upper stratum vs. throughout the water column
were observed by researchers in the central Pacific Ocean
although different terminologies were used to describe some of
these observed ligand classes (Rue and Bruland, 1995, 1997; Buck
et al., 2007; Bundy et al., 2014). As part of the GEOTRACES
program, the entire ocean basins have been sampled and analyzed
systematically for Fe-binding ligands. Results from some of these
studies such as the one conducted in the North Atlantic Ocean
(Buck et al., 2015) reported up to three ligand classes throughout
the water column. Improved titration methodology and data
evaluation is another reason for better ligand class classification
and resolution (Wells et al., 2013; Pižeta et al., 2015).

The evidence of joint iron and ligand release during a
remineralization experiments was first published by Boyd et al.
(2010), but no other parameters such as siderophore production,
POC, nutrients or the presence of culturable heterotrophic and
CAS active bacteria were measured in that pilot study. Therefore,
we present the findings of a new framework of a remineralization
experiment of marine particles performed during the FeCycle
II GEOTRACES process study that targeted the spring bloom
in subtropical waters east of the North Island of New Zealand.
Special focus was drawn on the inter-relationship between POC,
PFe, DFe stocks, and the inventory and chemical characterization
of iron-complexing ligands during particle remineralization. The
findings will help improve our conceptual understanding of the
biogeochemical cycling of iron.

MATERIALS AND METHODS

Study Site
This study took place in high iron mesotrophic sub-tropical
waters located off the east coast of the North Island of New
Zealand as part of FeCycle II quasi-Lagrangian biogeochemical
experiment (see Boyd et al., 2012; Weller et al., 2013 for
further details). Two stations were visited during austral spring
(September, 2008) on board the New Zealand research vessel RV
Tangaroa to determine productivity and carbon export in New
Zealand waters. The sampling location for FeCycle II was in open
ocean waters (>2000m bottom depth), ∼200 km east of New
Zealand. Station 1 at 39.21◦S; 181.21◦E (Figure 1) was sampled
on the 20th September 2008, julian day 264 and corresponded
to phase I of the study of an algal bloom. Station 2 at 39.40◦S;
181.42◦E (Figure 1) was sampled on the 27th September 2008,
julian day 272, corresponding to phase II of FeCycle II (Boyd
et al., 2012; Weller et al., 2013; LeCleir et al., 2014). Mixed layer
depths for the entire cruise are given in Boyd et al. (2012) and
Weller et al. (2013). For station 1, the mixed layer was∼78m and
for station 2 the mixed layer was <65m.

All seawater samples were collected using a General
Oceanics model 1018 autonomous intelligent rosette deployed
on a Kevlar hydroline (Turner et al., 2004). All equipment
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FIGURE 1 | Maps for the larger area around New Zealand with the FeCycle II- spring bloom voyage sited marked as a red dot (A) and the closer area

showing the track of the RV Tangaroa (blue solid line) during the FeCycle II- spring bloom voyage (14 September 2008 to 7 October 2008) starting from

the center of an eddy. Stations 1 and 2 are marked (X) and (0) respectively (B).

used throughout this work had been rigorously acid cleaned
following the protocols recommended by (Sander et al.,
2009) and experimental samples were stored in acid cleaned
polyethylene bottles (Nalgene, Rochester, NY). Particles for the
remineralization experiment as well as for PFe and POC analysis
were taken by trace metal clean in-situMcLane pumps.

Remineralization Experiments
Samples collected at both sites were taken from 30 to 100m
to be able to calculate column integrated fluxes. Particles were
collected by in-situ filtration. At station 1, 192 L (30m depth)
and 286 L (100m) of seawater were filtered, whereas 195 L (30m)
and 196 L (100m) of seawater were filtered at station 2. Seawater
samples from each depth were filtered through a 5.0 µm acid
washed polycarbonate filter with a diameter of 14 cm. This pore
size was chosen in order to retain most particles and their
associated attached bacteria while excluding free-living bacteria
(∼1µm). This pore size also allowed for better simplification
of experimental outcomes and to ascribe any increases in DFe
and L for ratio comparison particle attached bacteria. Using
information from the Frew et al. (2006) study in subantarctic
waters off New Zealand, we assumed that∼70% of all particles in
the mixed layer are >5 µm. The particles were re-suspended into
250mL of 0.2µm unfiltered seawater collected from depths and
station corresponding to pump stations. Ten milliliters aliquots
of concentrated particle suspension were then further diluted
with unfiltered seawater to produce 18 incubation solutions of
250mL. This resulted in concentration factors of 29 for station
1 at 30m, 43 for station 1 at 100m, and 30 for both depths at
station 2.

All experiments were run in triplicate for each timepoint.
Half of the incubation solutions (i.e., 9) were sterilized using

a domestic microwave adjusted to full power for 6 min prior
to incubation (Boyd et al., 2010). Microwave sterilized samples
from day 0 were filtered after cooling down to room temperature.
Filter sterilized samples without particles (i.e., ambient seawater
from 30 or 100m) were only analyzed at day 0, but not incubated
because of previous results from the SAZ-Sense study had already
shown that samples without particle enrichment did not produce
significant amounts of ligands or DFe on a timescale of 8 days
(Boyd et al., 2010). The first sets of experiments performed
at station 1 were incubated close to ambient temperature of
14◦C in the dark for 8 days using three samples per treatment
(i.e., sterilized and unsterilized) per time point 0 (time-zero,
immediately after particle resuspension), 4 and 8 days. However,
due to logistical constraints the second experiment at station 2
was incubated for 7 days with time points at 0, 4, and 7 days.

All samples were packed in black bags before initiating
the incubation experiments to avoid exposure to light and
subsequent photochemical breakdown of ligands (Barbeau et al.,
2001) and kept at 14◦C, the ambient temperature at 30 and 100m
depth. At each time-point 3 samples of sterilized and unsterilized
samples were filtered using a 0.2 µm acid washed polycarbonate
filter membrane for DFe and iron-binding ligand analyses.

The remainder of the concentrated particle samples (i.e.,
70ml) from each experiment were re-suspended in 10 L of
unfiltered seawater from the station and depth where the particles
were taken using the in-situ pumps. The re-suspended samples
were then incubated in the dark for 8 or 7 days at 14◦C
for molecular characterization of Fe-binding ligands (Velasquez
et al., 2011).

Five additional surface samples (which were not incubated,
see Supplementary Information Table S1) were taken throughout
the cruise and pre-concentrated in a 300mL column filled with
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XAD-16 resin. These were extracted and analyzed parallel to
the incubation experiment samples using chemical assays and
LC-ESI-MS. The samples were taken for a separate study and
results were not discussed in this paper. However, the results
were used to verify absence/presence of ferrioxamine B and G
and other masses with fragmentation pattern similar to known
siderophores before the particle incubation experiments were
done.

Particulate Carbon and Dissolved Nutrient
Analysis
Particulate organic carbon (POC) measurements were done on
parts of the same filter collected for the bioremineralization
experiment as well as on full filters taken at 30 and 100m using
theMcLane pumps. POCwere measured at the National Institute
of Water and Atmospheric Research (NIWA) laboratory in New
Zealand. POC analyses were conducted on a Thermo-Finnigan
Delta Plus Mass spectrometer using procedure MAM, 01–1090.
Dissolved nutrients (N, P, Si) were analyzed on board ship by
automated analysis (after Frew et al., 2001).

Bacterial Abundance and Culturable
Bacteria
Bacteria abundances were determined by flow cytometry using
a FACS Calibur instrument (Becton Dickinson) with CellQuest
Vers. 3.3 software following the methods described in Lebaron
et al. (1998). Samples were run on the high flow setting (60µL
min−1) with a minimum of 10,000 counts per sample. The
bacterial population was identified using a FL1 (green light,
530/30 BP filter, log scale) vs. SSC (Cell size, linear scale) scatter
plot.

Samples for the determination of culturable bacteria were
serially diluted in sterile phosphate buffer solution (PBS) and
were spread plated in duplicate on Marine Agar (MA; Difco
Laboratories) and Chrome azurol S (CAS) Agar plates. CAS
plates were prepared as described by Schwyn and Neilands
(1987). Both Marine Agar and CAS Agar plates were incubated
at 15◦C and were counted after 4 weeks for colony forming units.

Analysis of Iron-Complexing Ligands and
Dissolved Iron
Iron-complexing ligands were determined by competing
ligand equilibration-adsorptive cathodic stripping voltammetry
(CLE-AdCSV) with 2-(2-Thiazolylazo)-p-cresol (TAC) as
the competing ligand (Croot and Johansson, 2000). The
voltammetric equipment consisted of a Metrohm VA 663
stand (Herisau, Switzerland) an IME 663 interface and a
µAutolab type III potentiostat (both Metrohm Autolab, Utrecht,
The Netherlands). The working electrode was a hanging
mercury drop electrode (HMDE) with a mercury drop size of
2 (0.4mm2 ± 10%). The reference electrode was Ag|AgCl|3
M KCl, and the counter electrode was a glassy carbon rod.
All samples were contained in Teflon cells (Metrohm) during
AdCSV analysis and stirred with the inbuilt all-PTFE Teflon
stirring tip (1500 rpm) of the VA 663. The voltammetry system

was computer controlled using the GPES software (Version 4.9,
2001–2009).

All sample manipulations were performed in a Class 100
laminar airflow bench at room temperature. Milli-Q ultrapure
water (MQ, 18 M�) was used for the preparation of chemicals
and rinsing throughout this study. Buffer solution of N-
(2-hydroxyethyl)-piperazine-N′-2-propanesulfonic acid (EPPS,
Sigma-Aldrich, St Louis, MO) was prepared in ammonium
hydroxide (NH4OH) to give a pH of 8.1. NH4OH used for pH
adjustments of the buffer was purified by passive vapor phase
equilibration. A 10mL Fe (III) stock solution was prepared from
a standard solution of 1 g L−1 FeCl3·6H2O (Sigma), and acidified
to ≤pH 2 with quartz distilled HCL (q-HCl). A working iron
standard solution (0.4 µM) was prepared daily from the stock
10 µM solution and acidified to ≤pH 2 with q-HCl. 5.5 µM
stock solution of TAC (Aldrich) was prepared in quartz distilled
methanol (q-MeOH) every 2–4 weeks. All chemicals were kept in
the fridge.

For the Fe-ligand titration, subsamples (12mL) of seawater
were pipetted into a series of 14 Teflon bottles and buffered at pH
8.1 with 50µL of EPPS buffer (1.0M). Iron was added to twelve
of the bottles, yielding concentrations from 0 to 6 nM. After 1h
equilibration, TAC was added to a final concentration of 3.5µM,
and the sample was left to equilibrate for at least 8 h. The samples
were measured by DP-AdCSV from the lowest to the highest
concentration in the usual manner with parameters as described
by Ibisanmi et al. (2011) without rinsing in between aliquots.
Cell cups were rinsed with Milli-Q water between titrations to
avoid carry-over. Specific Teflon bottles were always used for the
same iron concentration added and they were only rinsed with
either Milli-Q or the sample itself in between titrations to keep
them in equilibrium. Two to three scans were usually obtained
for each sample. The DFe in freshly thawed ligand samples were
determined by UV digesting it for 6 h using a Photoreactor
Model APQ 40 (Photochemical Reactors) with a 400-Wmedium-
pressure Hg lamp. Samples that were not freshly thawed were
acidified to pH 2 prior to UV digestion. The pH of the samples
was brought back to pH 8.0 with isothermally distilled NH4OH
prior to analysis using the AdCSV protocols.

Ligand classifications were made according to the methods
described by Ibisanmi et al. (2011). Briefly, L1 is operationally
defined as a strong ligand having logKFeL1, Fe3+ ≥22 and L1
> DFe, whereas 6L is operationally defined as the sum of all
iron-complexing ligands detectable under the chosen analytical
window. Ligand parameters were calculated using ProMCC
software (Omanović et al., 2015).

Ligand Characterization
Extraction of Siderophore-Type Compounds from

XAD-16 Resin
Siderophore-like compounds were pre-concentrated by passing
the filtered sample through an in-house prepared solid phase
extraction (SPE) column containing 30 g pre-conditioned
Amberlite XAD-16 resin (Sigma; Velasquez et al., 2011). The
columns were loaded with organic compounds from the 0.2µm
filtered 10 L sample at the end of the incubation period. After
loading the columns were washed with 500mL MQ to remove
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salt. The organic compounds were subsequently eluted with
three bed volumes of 95% methanol (Merck, HPLC grade). The
eluents were collected in q-HCl cleaned Teflon bottles and kept
refrigerated for further processing.

Chemical Assays
Chemical assays were done to test for the presence of siderophore
moieties in the methanolic extracts of the XAD-16 column.
The chrome azurol S (CAS) test for general iron binding
capability (Schwyn and Neilands, 1987), Arnow and Rioux tests
for catecholates (Arnow, 1937; Rioux et al., 1983) and Csaky
test for hydroxamate type compounds (Gillam et al., 1981) were
applied.

C18-Solid Phase Extraction (SPE)
The methanolic XAD-16 extracts were dried using a SAVANT
Speed Vac Plus SC210A and ∼1.0mg of sample was re-dissolved
in 1.0mL 5% acetonitrile (HPLC grade, Merck). The sample was
passed through a 1.0 g SPE column (VARIAN Bond Elut C18-
SPE). The sample was then eluted off sequentially with three
bed-volumes of solutions with increasing methanol: water ratio
(i.e., 10, 20, 30, and 70%). The different eluents were collected
separately. The various methanol fractions were transferred to
acid-cleaned Eppendorf tubes, and then evaporated until the
volume of the sample remainder was reduce to<10µL, using the
speed vac. The preconcentrated samples were diluted with 50µL
MQ and centrifuged for 3 min. The supernatant was injected into
the HPLC.

HPLC Separation and Mass Spectrometry

Determination
The HPLC and mass spectrometry analyses were performed on
an analytical HPLC system (DIONEX Ultimate 3000 System)
attached to a Quadrupole Time-of-Flight mass spectrometer
QTOF-MS; micrOTOF-Q, Bruker Daltonics). Chromatographic
separations were carried out using a reversed phase column
(250 × 4.6mm, GraceSmart RP 18 5µ, Grace Davison
Discovery Sciences). Twenty microliters of sample was injected
onto the column by means of an auto sampler. The HPLC
separation was done in 52min using a linear gradient of 6–90%
acetonitrile:water with 0.1% formic acid. Two wavelengths (220
and 435 nm) were monitored to detect total hydrolysis products
and ferric hydroxamate complexes, respectively.

The QTOF-MS used in this study utilized electrospray
ionization (ESI) as its ion source and operated under positive
mode. The scan range was set from 50 to 1000m/z. The capillary
voltage was 4500V and the end plate offset was −500V. The
collision cell radio frequency (RF) was 90.0 voltage per pole
(Vpp), the nebulizer pressure was set at 3.0 bar and the dry heater
temperature was at 200◦C. Throughout the analysis the dry gas
flow rate was set at 7.0 L min−1.

For the determination of the fragmentation pattern of the
molecule, the instrument was optimized and set to MSMS
Auto mode. Since the concentration of the siderophore-like
compounds present in the sample were expected to be very low,
the MSMS (second mass spectra obtained after fragmentation
of the highest peak) absolute threshold was set to an intensity

of 500. To ensure that all masses of interest underwent MSMS
analysis the machine was set to include chromatographic peaks
with peak widths ≥12 s. The setting takes into account fast rising
chromatographic peaks which can include siderophore-like ions.
A summation factor of 3 was used to increase the intensity of
MSMS spectra. The data for both single MS and MSMS analyses
were obtained and processed using Brucker Software.

The mass spectrometer was calibrated using sodium formate
calibrant. However, to ensure an accuracy of <10 ppm,
desferrioxamine B (DFB) was also injected directly to the mass
spectrometer for calibration. In this calibration, an accuracy
of <2 ppm was generally obtained for the analysis. DFB was
routinely used as a standard in the HPLC-MSMS analysis because
it is commonly used as model siderophore. Other standards
like mixed ferrioxamine, enterobactin, and aerobactin were
interchangeably used as additional standards for the HPLC-
MSMS analysis.

The natural Fe-siderophore complexes were identified using
the natural Fe-isotopic ratio, which is a ratio of 56Fe/54Fe of
100/6.35 (De Hoffman and Stroobant, 1991). he criteria we
looked for in details were: (1) ions that are bound to Fe should
exhibit the Fe-isotopic pattern; (2) the 54Fe isotope is confirmed
if natural abundance is within the range of 1–7% and the mass
accuracy is within <10 ppm (parts per million) and; (3) no
molecular ion that is bound to Fe is present at the relevant
retention time were observed in the blank. However, we are also
reporting precursor ions that show the fragmentation pattern of
ferrioxamines even in the absence of the Fe-complex.

RESULTS

DFe in microwave-sterilized particles treatments from both
stations were not significantly different to the “no-particle”
control treatment at the start of the experiment (Figure 2 and
Table 1). DFe in microwaved-sterilized samples collected from
100m at station 2 were accidentally not analyzed. L1 was detected
in some of the sterilized samples but in low concentrations.
Significant increases over 7 or 8 days in DFe and 6L for the
“live” particle samples were observed, while no L1−ligands were
detectable in any of the treatments from station 1 and 2 on day
8 or 7, respectively (Table 1). The total DFe and 6L released or
produced at both stations 1 and 2 were generally higher at 30m
depth as compared to the 100m depth samples (Table 2). While
DFe was released throughout all four incubations, 6L release or
production turned into removal or consumption after day 4 at
station 2 for 100 m, which was the only sample taken from below
the mixed layer.

The time-series of bacterial abundances in the samples
with incubated particles is shown in Figure 3. For station 1,
heterotrophic bacterial abundance was not significantly different
on day 4 and 8. However, unfortunately no abundance data
are available for day 0. At station 2, the 30 and 100m samples
both exhibited similar trends of peaking on day 4 and declining
to close to initial abundances by day 7. Bacterial abundance
did not change significantly over the duration of the treatment
with sterilized particles. Bacterial abundance in the sterilized
particles may represented dead or ghost cells counted by the flow
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FIGURE 2 | Release of DFe and production of 6L. from re-suspended marine particles >5.0µm during dark incubation at ambient seawater

temperature of specified depths (i.e., 30 and 100m) at station 1 and 2. Control filtered seawater and microwave sterilized particle suspensions were treated in

the same manner.

cytometer. In the bacterial agar plates, the responsive bacteria
in the community showed the same trend for all stations and
depths, i.e., an increase in culturable heterotopic bacteria, as
determined on marine agar for the duration of the experiment.
Likewise, the CAS active bacteria also exhibited significant
increases in abundances between start and end of the experiment
(see Figure 4).

Nutrient analyses were not done in replicates due to
sample volume limitation. Since observed changes in nutrients
throughout the experiments were quite small and no errors or
outliers were determined, we are not showing data here. Nitrate
in station 1 incubation experiment was 3 times higher at 30m
than at 100m, but did not change with time. Ammonia clearly
increased in the “live” samples at station 1 for both depths.
Nutrients analyzed from samples of station 2 are even more
variable throughout and no clear trends were observed. The POC
concentration measured in the beginning of the experiment from
sections of the (5µm) in-situ filter were converted to ambient
concentrations using the concentration factors for each station
and depth. Ambient seawater POC samples were taken from the
same filters as used by the in-situ pump at the same day and depth
where particles were taken for the remineralization experiment.
POC concentrations were 5.1 and 5.6µmol L−1 at 30m and 2.5
and 2.2 µmol L−1 at 100m for stations 1 and 2 respectively.
No significant changes of the above mentioned parameters were
observed in the sterilized particle treatments.

Results of different chemical assays run on extracts from
samples incubated with particles and from large volume ambient
seawater were CAS assay positive, confirming the presence of Fe-
binding ligands in incubations from both depths at each station
(see Table 3 and Supplementary Material Table S1). Similarly,
hydroxamate moieties were found, using the Csaky assay, in

all treatments. At station 1, no catecholate type compounds
were detected by the Rioux assay from the treatments at the
both depths. However, concentrations around the detection limit
of the method were found in treatments of both depths from
station 2. The detection limit of Rioux assay was 0.16µM in the
methanolic extract, which translates to a concentration in the
treatment of 1.4 nM. The results are summarized in Table 3.

Since the total amounts of dissolved organicmaterial extracted
from the particle remineralization experiments were very small,
the intensities of the tandem MSMS analyses were relatively
low but above the detection limit (45 nM based on DFB
analyses with intensity of 102). From the 20% methanol
extract, three siderophore-type compounds with m/z 585.31,
614.26 and 672.28 eluted off the C18-reverse phase column
between 8 and 9 min (station 1, 30m) while m/z 371.21
was observed at 11.3min (station 1, 100m). The natural
Fe-isotopic pattern was observed in m/z 614.26 and 672.28
([M+H+Fe-3H]+). The tandem MSMS analysis of m/z 614.26
yielded low intensity fragments (see Supplementary Material
Figures SI4–SI6). However, the mass differences were similar
to those commonly observed in hydroxamate siderophores.
The simulated molecular formula for m/z 614.26 was within
10 ppm accuracy compared to the known linear ferrioxamine B
(DFB; Figure 5A). Likewise, MSMS of m/z 672.28 yielded very
low intensity fragments but the simulated molecular formula
has mass accuracy within 10 ppm and is comparable to the
known linear hydroxamate siderophore, ferrioxamine G (DFG;
Figure 5B). For quality assurance, ferrioxamine B and G in
a mixed ferrioxamine standard were analyzed and found to
co-elute at ∼8.0 min (Figure 5C). The ion peaks m/z 585.31
and m/z 371.21 ([M+H]+) did not exhibit the Fe-isotopic
pattern but the MSMS fragments were equal to those of known
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TABLE 1 | Iron speciation data showing the concentration of dissolved

iron (DFe), sum of ligand (6L) and L1, in brackets, and their conditional

stability constants with respect to Fe3+ (LogKFeL1, Fe3+ and Log

K6L, Fe3+) observed during the remineralization experiments at 30 and

100m of station 1 and 2.

ID (Depths) Days DFe (nM) 6L (nM) LogK6L, Fe3+

(L1 (nM)) (LogKFeL1, Fe3+)

STATION 1

Sterilized

samples

(30m)

0 0.25 ± 0.07 1.12 ± 0.20

(0.25 ± 0.16)

21.19 ± 0.34

(22.71 ± 0.90)

4 0.25 ±0.06 1.25 ± 0.28 21.00 ± 0.32

8 0.30 ± 0.11 1.65 ± 0.44 20.99 ± 0.32

Unsterilized

samples

(30m)

0 0.27 ± 0.04 0.92 ± 0.26 20.92 ± 0.34

4 0.50 ± 0.10 2.47 ± 0.97 20.94 ± 0.52

8 0.58 ± 0.08 2.88 ± 1.60 21.29 ± 0.98

Sterilized

samples

(100m)

0 0.24 ± 0.07 0.86 ± 0.43

(0.54 ± 0.10)

21.37 ± 0.42

(22.23 ± 0.38)

4 0.26 ± 0.04 0.90 ± 0.12

(0.34 ± 0.06)

21.68 ± 0.30

(22.92 ± 0.90)

8 0.19 ± 0.11 0.58 ± 0.10 21.81 ± 0.56

Unsterilized

samples

(100m)

0 0.29 ± 0.04 1.17 ± 0.24 20.59 ± 0.26

4 0.33 ± 0.06 1.73 ± 0.38 20.83 ± 0.24

8 0.37 ± 0.08 1.79 ± 1.00 20.49 ± 0.40

STATION 2

Sterilized

samples

(30m)

0 0.24 ± 0.12 0.99 ± 0.45 21.23 ± 0.11

4 0.23 ± 0.09 0.92 ± 0.18

(0.37 ± 0.06)

21.25 ± 0.45

(22.15 ± 0.60)

7 0.27 ± 0.07 0.82 ± 0.20 20.71 ± 0.30

Unsterilized

samples

(30m)

0 0.26 ± 0.02 0.88 ± 0.12 21.06 ± 0.22

4 0.41 ± 0.10 1.80 ± 0.58 21.03 ± 0.36

7 0.57 ± 0.05 2.13 ± 1.80 20.86 ± 0.74

Sterilized

samples

(100m)

0 0.18 ± 0.09 1.02 ± 0.16 20.68 ± 0.18

4 0.24 ± 0.07 0.74 ± 0.16

(0.35 ± 0.02)

21.05 ± 0.34

(22.33 ± 0.40)

7 0.23 ± 0.10 0.86 ± 0.22 21.26 ± 0.30

Unsterilized

samples

(100m)

0 0.28 ± 0.08 1.22 ± 0.24 20.77 ± 0.26

4 0.46 ± 0.15 2.00 ± 0.52 20.81 ± 0.50

7 0.47 ± 0.08 1.64 ± 0.58 20.35 ± 0.30

The definition of L1 and6L are based on Log KFeL1, Fe3+ > 22; Log KFeL1, Fe3+ represents

all classes of ligands detectable within the analytical window.

a hydroxamate-type siderophores. However, these peaks may
also be from non-siderophore compounds. The MSMS analysis
of the m/z 371.21 precursor ion yielded very low intensity T
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FIGURE 3 | Abundance of bacteria counted in samples at different during the particle reminera lization experiment in unsterilized (filled black bars)

and sterilized (unfilled bars) samples from 30m (A,C) and 100m (B,D) of station 1 (A,B) and Station 2 (C,D). Note that for station 1 day-0 samples were not

measured due to instrument issues.

FIGURE 4 | The number of heterotrophic marine bacteria (MA, black bars) and CAS active bacteria (unfilled bar) at the start (day 0) and the end of

incubation period [day 8, or day 7 station 1 (A,B) and station 2 (C,D) respectively]. Note different scale in (B).
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TABLE 3 | Summary of results from the characterization of siderophore type compounds extracted from incubation experiments of marine particles at

the end of the treatment.

Sample ID Assays HPLC retention time (mi) Precursor ion (m/z) Comment

CAS Hydroxamate Catecholate

station 1 30m + + − 8.0 614.26 ferrioxamine B

8.3 672.28 ferrioxamine G

8.0 585.31 b

11.3 371.21 b

100m + + − 11.3 371.23 b

station 2 30m

+ + +a 11.3 371.23 b

30.8 551.11 b

100m + + +a 12.9 415.24 b

12.9 437.23 b

14.3 473.27 b

14.3 495.24 b

aAbsorbance very close to blank.
bMolecular masses showing similar fragmentation patterns than ferrioxamine.

FIGURE 5 | Mass spectra of particle bioremineralization sample station 1, 30m at the end of the incubation, eluting at retention time (RT) 8.0 and

8.3min, respectively. (A) mass resembling ferrioxamine B and (B) ferrioxamine G. Mass spectra of [M+H+Fe-3H]+ ferrioxamine B (m/z 614) and G (m/z 672) from a

mixed ferrioxamine standard (RT 8.2min) (C).

fragments and it was very difficult to evaluate fragment ions (see
Supplementary Material Figure SI7). However, high intensity Na
adducts of the compound were observed ([M+Na] m/z 393;
[M+2Na] m/z 415; [M+3Na] m/z 437; [M+4Na] m/z 459).
The MS spectra of 30% SPE methanol fraction in 100m sample
of station 1 yielded m/z 371.23 and its Na adducts. The mass
differences found in the MSMS of [M+3Na] m/z 437 is also
indicative of a hydroxamate-type siderophore (Feistner et al.,
1993; Mawji et al., 2008b).

For the second incubation experiment (at station 2), the MS
of the sample from day 7 of the 30m treatment, likewise showed
presence of m/z 371.21 (Table 3). An additional peak m/z 551.11
[M+H]+ was observed together with its [M+Na]+ m/z 573.09
at a retention time of 30.8 min. Mass differences of fragment
ions indicated the presence of hydroxamate moieties, typical for
ferrioxamine fragmentation (Feistner et al., 1993; Mawji et al.,
2008b). The sample taken from day 7 of the 100m treatment
of station 2 yielded sodiated m/z 371.21 ([M+2Na] m/z 415.24;
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[M+3Na] m/z 437.23) and two ferri-siderophore-type ions
([M+H+Fe-3H]+) m/z 473.27 and m/z 495.24 (Table 3). The
MSMS fragments of these two precursor ions suggests that the
parent molecule may possibly be a ferrioxamine hydroxamate-
type siderophore (Feistner et al., 1993; Mawji et al., 2008b).
Further MS and MSMS spectra are given in the Supplementary
Material.

DISCUSSION

Production of Iron-Complexing Ligands
and Dissolved Iron
In this study, we demonstrate that samples with marine particles
in the presence of live particle-attached culturable bacteria
produce or release iron binding ligands and DFe, whereas
treatments with sterilized particles did not. In a previous
remineralization experiment during a Southern Ocean study
(subpolar and polar waters, SAZ-Sense study), it was also
shown that in filter-sterilized samples (<0.2µm) neither the
concentration of iron binding ligand, nor that of DFe increased
significantly (Boyd et al., 2010). Unsurprisingly, it can be
concluded that marine particles incubated in the dark were
remineralized by attached bacteria (as the free-living bacteria
were removed from the sea water, See Materials and Methods)
and as a result Fe-binding ligands were produced at pM rates
per day.

Table 2 shows calculations performed to estimate ligand
production and DFe release rates in the concentrated particle
suspension and converted to ambient seawater concentrations.
The daily ligand production rate in seawater ranges from 2.54
pmol L−1 d−1 (100m depth) to 11.8 pmol L−1 d−1 (30m) for
station 1, and rates for station 2 were slightly lower (see Table 2).
Consideration of the estimated molecular size of Fe-binding
ligands, in the order of 500–700 Da (e.g., DFB with 25 carbon
atoms), means the ligand production rate can be converted into
a DOC concentration and linked to a consumption of POC (see
Table 2). For station 1, less POC was converted to L (0.094 and
0.016% for 30 and 100m) than for station 2 where 0.117 and
0.068% of POC was converted to L per day.

The remineralization of PFe and the resulting release of DFe
have also been calculated (Table 2). Since no PFe analysis was
done directly in the incubations, the PFe concentrations from
ambient seawater at the same depth one day after or before our
sampling were used and extrapolated to our remineralization
experiment. Errors associated with this extrapolation may be in
the order of ±10%, but orders of magnitude of the ratio of PFe
being remineralized to DFe per day can still be ascertained of
being between 0.026 and 0.097%.

In the present study, ∼2 pM L−1 d−1 of ligands were released
or produced at a depth of 100 m, and around 10 pM L−1 d−1

at 30m (see Table 2) in the subtropical waters East of New
Zealand. In contrasting water masses (polar HNLC Southern
Ocean, and a complex transition zone between subantarctic and
subtropical waters), release rates were comparable in subsurface
waters from ∼110m depth, i.e., 16.2 and 7.2 pM L−1 d−1 (Boyd
et al., 2010). These values were all calculated for ambient seawater

particle concentrations and display a surprising constancy across
contrasting water masses.

Similarly, the DFe release rates were very comparable in all
three water masses (subtropical, subantarctic, polar) ranging
from 0.3 pmol L−1day−1 at 100m in station 1 of the present
study up to 3.6 pmol L−1day−1 at 111m depth (subantarctic,
Boyd et al., 2010). Interestingly PFe concentrations in the present
study were one order of magnitude higher than in the water
masses used in the Boyd et al. (2010) study. This discrepancy
raises the question of which PFe pool will most likely be available
for bacteria to be remineralized. In Boyd et al. (2010), it was
postulated that detrital PFe, which contributes mostly to PFe
export flux in the Southern Ocean waters (i.e., PFZ study site;
Frew et al., 2006; Sarthou et al., 2008) would be the source of DFe
during remineralization over a greater depth horizon, while algal
PFe would probably be restricted mainly in the stratum within
the mixed layer. This however cannot explain the release rates
observed here as all but station 2, 100m were within the mixed
layer.

The column integrated DFe release calculated from values
in Table 2 is 107 nmol m−2 day−1 at station 1 and 58.1 nmol
m−2 day−1 at station 2 (for 30–100m). These values compare
well with results from the previous remineralization experiment
(Boyd et al., 2010), i.e., 42 nmol m−2 day−1 and 108 nmol m−2

day−1 at the polar and subantarctic sites, respectively.
Given a mixed layer DFe inventory of ∼48 µmol m−2

and ∼4 µmol m−2 at the time of sampling for station 1 and 2
(Boyd et al., 2010), it would result in a DFe residence time of
1.2 and 0.18 years assuming that particle remineralization was
the only source of iron to the mixed layer. These calculated
residence times compares well with results from similar particle
remineralization experiments in the PFZ and NSAZ of 0.4 and
0.2 year, respectively (Boyd et al., 2010) and those from a
model simulation of the upper 103m of a low-iron high-nutrient
region, which were 1.4 year (Moore and Braucher, 2008). Our
calculations are rough estimates for a body of water in the mixed
layer right where we sampled. The lateral or vertical advection
of DFe and any other biological process from biota >5µm
were not taken into account. The approximately one order of
magnitude variability within 8 days in the same water mass
demonstrates the dynamic of the process. Although it could be
said that the residence times of iron binding ligands may be in
the same order of magnitude we refrain from giving number here
as the ligand concentration changed significantly throughout
the bloom development and unfortunately we did not sample
for a full ligand depth profile on day 254. Taking the ligand
depth distribution from day 263 would make the residence time
calculations meaningless.

The cell counts of both culturable bacteria types [i.e.,
heterotrophic bacterial community (MA) and Fe-binding ligand
producing bacteria (CAS)] increased throughout all “live”
particle treatment remineralization experiments (see Figure 4).
The CAS assay is often used by microbiologist to test for
siderophore production, however in general it detects any
strong Fe-binding compound regardless of the function of the
molecule. Thus, the increase in CAS active bacterial numbers
may not necessarily prove that siderophore-producing bacteria
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are present, but the increase in cell abundances at the end of the
incubation provides evidence that Fe-binding ligand-producing
bacteria are increasing in numbers in the suspension of particles
(at greater than ambient concentrations) and these ligands may
be siderophores. The failure to detect strong L1-type ligands
in any of the treatments may mean that the concentration of
siderophores produced is too low to be detected at the given DFe
concentration or that the siderophores produced have stability
constants < logKFeL1,Fe3+ = 22 (Maldonado et al., 2005).

Although the bacterial community in the remineralization
experiment was not characterized directly, such data was
produced from ambient seawater and in-situ sediment trap
incubations throughout the FeCycleII-Springbloom cruise.
Results showed a very dynamic response of the community in
this water mass throughout the bloom (LeCleir et al., 2014). They
showed that the microbial community in the water column and
particles collected in sediment traps (at 5 and 100m depth) were
very similar in their bacterial composition, and only bacterial
abundances varied between the two different bloom phases and
with depth. LeCleir et al. (2014) proposed the presence of a
“core” microbial community in this locale. They also found
that heterotrophic bacteria of the Roseobacter clade and some
other bacteria rapidly colonized the particles from 5 to 100m
in high abundance. Roseobacter have been shown to produce
siderophores (Poorvin et al., 2011) which may be a source
of the ligands produced during our particle remineralization
experiments.

The chemical characterization of Fe-binding ligands produced
in the “live” particle treatments was done semi-quantitively in
methanolic extracts of the XAD-16. The CAS test is widely used
due to its comprehensive, sensitive nature and can specifically
detect Fe3+ binding ligands. In our study, CAS test gave positive
results in all incubations at the end of the experiment. The
negative results for the catecholate specific Arnow test may
indicate either the absence of any cathecol type of siderophore,
or it could also mean that the catechol-functionality is sterically
hindered. Samples from station 1 at 30 and 100 m, which were
collected at the end (8 days) of the particle remineralization
experiment were positive to Csaky (hydroxamate) and negative
to both the catecholate sensitive Arnow and Rioux tests (Table 3).
This suggests that the Fe-binding ligands produced during both
incubations are likely hydroxamate-type siderophores. In particle
remineralization incubations at station 2, two hydroxamate and
a catechol type siderophores or a mixed type of siderophore may
have been produced (Table 3).

The detected hydroxamate siderophores in the
remineralization experiments only ranged from 9 to 24%
of the [6L]. It may be an underestimate because the calculations
were based on the concentration of hydroxamate compounds
detected in the pre-concentrated XAD-16 methanol extracts
and the extraction efficiency is <100%. It is not known what
makes up the other 91–76% of Fe-binding ligands detected
in our experiment, but exopolysaccharides, humic substances,
porphyrins and others have also been shown to bind Fe
at stability constants very similar to that detected in our
experiments (Hutchins et al., 1999; Laglera and van den Berg,
2009; Hassler et al., 2011; Abualhaija and van den Berg, 2014).

We did not test for the presence of any of these compounds in
this study.

Identification of Siderophores-Types by
HPLC-MSMS
Molecular ions m/z 614.26 and m/z 672.28 were detected at the
end of station 1’s 30m particle remineralization experiment. The
mass spectrometry analysis suggests that these correspond to
the well-known linear hydroxamate ferri-ferrioxamine B (DFB)
[M+H+Fe-3H]+ and ferri-ferrioxamine G (DFG) [M+H+Fe-
3H]+. The compounds were present at low intensity, however
the Fe-isotopic pattern was very clear and the retention times
fall within the elution time of the ferrioxamine B and G
standards (Figures 5A–C). Feistner et al. (1993) reported that
biosynthetic capabilities of an organism to produce siderophores
can be flexible and considered the open chained ferrioxamines as
biosynthetic intermediates of cyclic ferrioxamines (Feistner et al.,
1993;Mawji et al., 2008b). But however, until to date, the presence
of ferrioxamine B and G associated with the remineralization of
marine particles had not been reported.

The ion m/z 585.31 did not exhibit the Fe-isotopic pattern,
but, it was previously shown by (Feistner and Hsieh, 1995)
that m/z 585 can be observed as a result of protonation at
the N-terminal of the diaminopentane group, then followed
by a charge-driven fragmentation in the N-terminal of the
hydroxamate bond. The ion peak m/z 371.21 was found in
station 1 at 30 and 100m, and in station 2 at 30m. Although
it did not exhibit the Fe-isotopic pattern, the mass difference
of its MSMS fragments were similar to those also obtained for
the ferrioxamines (Feistner et al., 1993; Mawji et al., 2008b). In
station 2 at the 100m treatment, only the 2 and 3 Na adducts
(m/z 415.24 and 437.23) of m/z 371.21 were obtained at the end
of the experiment (7 days). The ion peak m/z 551.11 [M+H]+

found in station 2 did not show the iron isotopic pattern
(i.e., was not bound to Fe) in the 30m sample, but the mass
difference observed for the MSMS fragments were identical to
those shown by Feistner et al. (1993) for ferrioxamines. Fe-bound
ligands were observed for 100m sample at station 2 which again
showed fragmentation pattern of the hydroxamate ferrioxamine
type siderophores. It is possible that the siderophores that we
detected were photoproducts of siderophore molecules that were
present in low levels. The Fe(III)-siderophore complex may have
been truncated or undergone ligand oxidation due to photolysis
leading to a lower binding strength (Barbeau et al., 2001).
Molecular ions m/z 371, 551, 437, 415, 43, and 495 were also
found in samples collected from ambient water which were not
incubated (see Supplementary Material). No trace of m/z 585,
614, and 672 were observed in any extracts from the ambient
samples.

It is clear that the siderophores found for both depths in
each experiment are hydroxamates, but the known siderophores
ferrioxamine B and G were only found in the incubation
experiments of surface samples (30 m) from station 1. A shift in
the dominant groups in the microbial community (LeCleir et al.,
2014) will likely have an effect on the ligands present in the water
and in the particulates. However, the information available from
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our study is insufficient to clearly link the relationship between
the microbes and the siderophore-type compounds that were
identified.

CONCLUSION

In this study, two marine particle remineralization experiments
were performed to investigate the production of ligands and
the release of DFe in seawater at two depths at 30 and 100 m.
Particulate samples were collected from the subtropical waters
east of the North Island of New Zealand as part of the FeCycle
II GEOTRACES process study. Significant ligand production
was observed in treatments containing live particle attached
heterotrophic bacteria. Hence, it can be concluded that some of
the iron-complexing ligands measured in the ocean originated
from the remineralization of particles.

Two main classes of ligands, namely strong (L1) and sum
of all ligands (6L), have been identified in our study. Open
chained ferrioxamine B and G, as well as other unknown
hydroxamate siderophores have been identified in samples
from both particle remineralization experiments. Two other
unidentified siderophore-types with their Na adducts were
observed. The MSMS spectra of these compounds suggest that
they are possibly hydroxamate types similar to ferrioxamines.
The presence of siderophore-producing bacteria and results
from other chemical assays suggest the mass spectrometric
observations of siderophore production in the experimental
treatments. The electrochemical analysis of L failed to detect L1
from the samples, although siderophores were detected by MS.
This finding questions whether siderophores present in the ocean
are truly L1 or their concentration and contribution into the
ligand pool may be too small compared to other weaker organic

ligands produced during the remineralization and throughout in
the open ocean.
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