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Abstract
Low iron (Fe) and phosphorus (P) ocean regions are often home to the globally important N2-fixing cyano-

bacterium Trichodesmium spp., which are physiologically adapted to Fe/P co-limitation. Given Trichodesmium’s
eminent ability to capture particles and the common associations between Fe and P in sediments and aerosols,
we hypothesized that mineral bio-dissolution by Trichodesmium spp. may enable them to co-acquire Fe and
P. We present a new sensitive assay to determine P uptake from particles, utilizing 33P-labeled ferrihydrite. To
validate the method, we examined single natural Trichodesmium thiebautii colonies in a high-resolution radio-
tracer ß-imager, identifying strong colony-mineral interactions, efficient removal of external 33P-labeled
ferrihydrite, and elevated 33P uptake in the colony core. Next, we determined bulk P uptake rates, comparing
natural Red Sea colonies and P-limited Trichodesmium erythraeum cultures. Uptake rates by natural and cultured
Trichodesmium were similar to P release rates from the mineral, suggesting tight coupling between dissolution
and uptake. Finally, synthesizing P-ferrihydrite labeled with either 33P or 55Fe, we probed for Fe/P co-extraction
by common microbial mineral solubilization pathways. Dissolution rates of ferrihydrite were accelerated by
exogenous superoxide and strong Fe-chelator and subsequently enhanced 33P release and uptake by
Trichodesmium. Our method and findings can facilitate further Fe/P co-acquisition studies and highlight the
importance of biological mechanisms and microenvironments in controlling bioavailability and nutrient fluxes
from particles.

Iron (Fe) and Phosphorus (P) play a central biogeochemical
role in marine and freshwater environments by supporting
primary productivity, carbon fixation, and drawdown from
the atmosphere (Elser et al. 2007; Tagliabue et al. 2017;

Duhamel et al. 2021). Phytoplankton, the base of all aquatic
food chains, require Fe and P for growth but can internalize
these nutrients only as soluble inorganic and organic mole-
cules (Shaked et al. 2005; Dyhrman 2016). The combination
of high biological demand and low supply of dissolved nutri-
ents to stratified and illuminated surface waters often renders
Fe and P as limiting nutrients for phytoplankton growth in
lakes, estuaries, and vast ocean regions (Moore et al. 2013;
Browning et al. 2022).

Particulate nutrients are transported to the ocean via the
atmosphere or rivers and are further distributed in the water
column through sediment resuspension. Typically, researchers
addressing particle-bound nutrients refer to organic matter
bound to marine aggregates, which, in turn, are considered to
act as a primary vehicle for nutrient transportation from the
ocean surface to depth (Grossart et al. 2003; Decho and
Gutierrez 2017). Despite significant particle loss near the
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continents and to deep water, plumes of colloidal and particu-
late minerals were found to persist over long distances from
the shore and disperse far away from hydrothermal sources
(Lam and Bishop 2008; Boyd et al. 2010; Fitzsimmons
et al. 2017). Similarly, some of the aerosols deposited on the
ocean surface may remain in the euphotic zone for relatively
long periods, and thus potentially serve as a significant nutri-
ent source (Boyd et al. 2010; Leeuw et al. 2014; Ellwood
et al. 2018). Yet, the bioavailability of these particles to phyto-
plankton requiring dissolved nutrients is often limited, since
Fe and P minerals are poorly soluble in oxygenated and semi-
neutral pH surface water (Baker et al. 2006; Journet et al. 2008;
Anderson et al. 2010).

The biogeochemical cycles of Fe and P are linked, since
iron(III)oxyhydroxides, which are ubiquitous in near-surface
soils and sediments, interact strongly with dissolved phosphate
via sorption, co-precipitation, mineral transformation, and
redox-cycling reactions (Jaisi et al. 2010; McConnell et al.
2020). The mineralogical associations between Fe and P are
complex, including iron(III) oxyhydroxide-phosphate (i.e.,
structurally bound P) as well as P fractions which are adsorbed
and/or precipitated on the iron(III)oxyhydroxide surfaces
(Li et al. 2016; McConnell et al. 2020). In soils and sediments,
the operationally defined P-bound Fe fraction typically
accounts for 10–30% of the particulate P pool (Aydin
et al. 2009). Striving to obtain these valuable nutrients, plants,
and their associated microbiomes employs diverse mechanisms
for dissolving these minerals including local acidification,
metabolite secretion, and electron transfer (Alori et al. 2017;
Uroz et al. 2022). These pathways differ in their specificity, but
in conjunction increase the flux of multiple dissolved nutrients
and elements (including toxic metals). Since P is often associ-
ated with Fe minerals, pathways involving reductive or ligand-
promoted dissolution are expected to increase both Fe and P
supply to microorganisms and plants (Romano et al. 2017;
McRose and Newman 2021; Cui et al. 2022).

In aquatic systems, organic aggregates, as well as phyto-
plankton colonies, decaying blooms, fecal pellets, gels, bio-
films, and marine snow are considered hot spots of microbial
activity that can harbor chemically distinct microenviron-
ments (Simon et al. 2002; Grossart et al. 2003). These condi-
tions may enhance the chemical and biological dissolution of
minerals, likely increasing Fe and P bioavailability. Focusing
on phytoplankton, colonies of globally important N2-fixing
cyanobacteria, Trichodesmium spp. might similarly enhance
mineral dissolution since they are also considered as hot spots
for phytoplankton–bacteria–mineral interactions (Frischkorn
et al. 2017; Held et al. 2021; Qiu et al. 2022). Single
Trichodesmium filaments often come together and form rela-
tively large (� 1 mm diameter) tuft-shaped and puff-shaped
colonies. Research from our group and others demonstrated
that natural colonies of Trichodesmium spp. hold unique capa-
bilities to capture and actively transport dust to the colony
core (Rueter et al. 1992; Rubin et al. 2011; Langlois et al. 2012;

Eichner et al. 2020). Following particle translocation to the
colony’s center, Trichodesmium and its associated bacteria were
found to accelerate Fe-dissolution and thus increase Fe avail-
ability (Basu and Shaked 2018; Basu et al. 2019; Kessler
et al. 2020b). As P and Fe minerals are associated, the path-
ways employed by the colony consortium to dissolve Fe min-
erals may also enhance P solubility and thus its
bioavailability.

The prevalence of Fe–P minerals in natural environments
clearly influences their importance in supplying P to
Trichodesmium (and other phytoplankton). The most common
P mineral in nature is apatite, a highly insoluble calcium
phosphate-based mineral that contains no Fe (McConnell
et al. 2020). Next in abundance in fluvial and shallow sedi-
ments are P-bound Fe minerals, including P minerals such as
vivianite and amorphous Fe(PO4) and P associated with iron
oxyhydroxides (Gunnars et al. 2002; Egger et al. 2015; Duha-
mel et al. 2021). In reduced sediments and soils, mobilization
of Fe and P during microbial respiration often result in forma-
tion of authigenic P-rich iron oxyhydroxides, where P may
appear as impurities within minerals and/or precipitate or be
adsorbed on the mineral surface (Borch et al. 2007; Jaisi
et al. 2010; Ruttenberg and Sulak 2011). In atmospheric aero-
sols, the fraction of P-bound Fe minerals varies according to the
aerosol origin, mineralogy, size, and atmospheric processing
(e.g., acidification, mixing with pollutants; Journet et al. 2008;
Marcotte et al. 2020; Baker et al. 2021). The fraction of P-bound
Fe minerals are relatively high in aerosols from biomass burn-
ing, fossil fuel combustion, and volcanic eruptions (Anderson
et al. 2010; Tipping et al. 2014; Weinberger et al. 2016), but rel-
atively low in Saharan dust (Baker et al. 2006; Nenes
et al. 2011). Nonetheless, long-term transport of the apatite-
rich Saharan dust over the Atlantic Ocean was shown to sub-
stantially increase the fraction of P-bound Fe (> 50%) as a result
of atmospheric processing (Dam et al. 2021). These involve
sharp changes in the pH of cloud droplets, shifting between
acidic conditions that favors P release due to apatite dissolution
and basic conditions that favor precipitation of Fe minerals that
incorporate P (Shi et al. 2019).

Here, we quantify phytoplankton nutrient uptake from
environmentally relevant 33P-labeled ferrihydrite, applying
both bulk scintillation counting and high-resolution radio-
tracer ß-imaging. The choice of synthesizing Fe–P minerals
labeled with 33P (or 55Fe) entails several analytical benefits
for the uptake assays and assists in exploring links between
Fe and P bioavailability. Experimenting with natural Red Sea
Trichodesmium colonies and P-limited cultures, we deter-
mined rates of P and Fe dissolution and uptake from parti-
cles. We further tested the role of reactive oxygen species
and microbially produced iron-chelating agents in mineral
dissolution and subsequent enhancement of Fe and P uptake.
Our study demonstrates the high potential of this method to
shed light on mechanistic details of particulate nutrient
uptake.
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Materials and methods
Overview

Studying solid-phase nutrient availability to phytoplankton
entails a range of analytical challenges for obtaining reliable
and reproducible uptake rates and maintaining an environ-
mental context, such as low particle load and cell–particle
proximity. Basu and Shaked (2018) resolved these challenges
by optimizing a 55Fe-based method for investigating
ferrihydrite availability to natural Trichodesmium colonies.
Here, by synthesizing 33P-labeled ferrihydrite, we adjusted
their method for studying availability of P-bound Fe minerals,
which are highly abundant in soils, sediments and aerosols.
See also supplementary information table S1 for further
details on the challenges and achievements of the method.

Fe-P particles: Synthesis and P release kinetics
Mineral synthesis

Most experiments were conducted between 2018 and 2019
and involved synthesis of two types of highly amorphous 33P-
ferrihydrite minerals: 33P-adsorbed onto ferrihydrite and co-
precipitated Fe-33P. The radioisotope 33P orthophosphoric acid
purchased from Hartmann Analytic, Germany, has high activ-
ity but low P concentrations (specific activity
3000 Ci mmolP�1). Hence, prior to synthesis, the 33P stock
was diluted by unlabeled orthophosphoric acid, generating a
lower specific activity working stock (50 Ci mmolP�1 or
0.05 μCi μL�1). 33P-adsorbed ferrihydrite was prepared by
adding 10 nM P from the working stock to 500 nM amor-
phous ferrihydrite and allowed to react at pH 8.1 and 25�C for
24 h. Ferrihydrite was synthesized by titrating FeCl3 with
0.1 N NaOH to pH 8.1 as earlier described (Basu and
Shaked 2018). The 33P-adsorbed ferrihydrite was transferred to
filtered seawater (FSW) and allowed to equilibrate for � 10 d
to decrease the loosely bound P. Co-precipitated
33P-ferrihydrite mineral was synthesized by mixing 1 mM

FeCl3 (pH 2) with 0.7 μM P from the working stock and gradu-
ally increasing the solution pH to 8.1, via slow titration with
0.1 N NaOH. Following synthesis, minerals were left to equili-
brate in FSW for � 10 d.

In spring 2022, 33P-labeled ferrihydrite was synthesized
again for studying the effect of superoxide on P dissolution
and uptake. Minerals with varying P release rates were gener-
ated using different protocols as detailed in Supporting Infor-
mation Note 1 and Table S2. In addition to the 33P-labeled
minerals, 55Fe-labeled minerals were prepared using same pro-
tocols and a constant Fe : P ratio of 1 : 100. Prior to incuba-
tions, minerals were pelleted by centrifugation to remove free
P (Supporting Information Note 2). Due to the overlap in the
energies of both isotopes we did not synthesize double-labeled
minerals, but signal separation is possible if other isotopes of
P or Fe are used.

Phosphate dissolution rates
Rates of mineral dissolution or 33P release were studied in

trace metal clean 15-mL tubes filled with sterilized filtered sea-
water (FSW) in the absence of cells and were typically con-
ducted in duplicates. All treatments were kept at 25�C under
shaking for 15–20 h. Aliquots were collected over time and fil-
tered using a 0.22-μm (Pall, Acrodisc) syringe filter. The radio-
active filtrate was collected in scintillation vials, mixed with
Quick-Safe scintillation cocktail, and measured in a Tri-carb
1600 CA (PerkinElmer, Packard). In each experiment we also
recorded the initial fraction of dissolved 33P. For the 33P-
adsorbed ferrihydrite, the initial dissolved P fraction was sig-
nificant (9–65%), and its 33P desorption rate was rather high,
5% � 3% per hour (Table 1). Subsequently, these assays con-
tained high dissolved 33P concentrations, deeming the 33P-
adsorbed ferrihydrite unsuitable for studying bioavailability of
particles. Elevated dissolved 33P was also recorded when the
coprecipitated Fe-33P ferrihydrite was added to seawater. Based

Table 1. Characterization experiments of the two synthesized Fe-33P minerals. Two features were tested, the initial partitioning of P
between dissolved and particulate phases, and the P dissolution/desorption kinetics.

Mineral type Initial partitioning Dissolution/desorption kinetics

Dissolved P Particulate Rate Constant Constant

% % nM d�1 kdiss (d
�1) % per hour

(A) 33P adsorbed on ferrihydrite

17 Oct 2018 36 64 1.2 0.2 1

28 Oct 2018 9 91 12.8 2.3 10

18 Mar 2019 65 35 12.5 1.3 5

18 Mar 2019 15 85 3.3 1.5 6

Average 1.3 � 0.9 5 � 4

(B) 33P co-precipitated as Fe-P mineral

11 Apr 2019 2 98 0.30 0.04 0.2

29 Apr 2019 4 96 0.25 0.04 0.1

Average 0.04 � 0.01 0.2 � 0.0
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on the assumption that this P was not incorporated but
loosely adsorbed on the mineral surfaces, this fraction was
removed by applying repeated washes. The wash procedure
involved three spin-down cycles of the mineral at 2000 rpm
(1 h each) followed by a resuspension of the pellet in filtered
SW. Based on the 33P fraction measured in the supernatant,
the three wash-steps removed about 25–30% of the added
P. Following this treatment, most batches of coprecipitated
Fe-33P ferrihydrite had a negligible initial dissolved P fraction
(Table 1). During the assay, the 33P release rate was moderate
(0.1–0.2% per hour), making the coprecipitated Fe-33P
ferrihydrite a good model for mineral-phase P availability
studies (Table 1).

It should be noted, however, that our synthesis of
radiolabeled minerals was simplified compared to the classical
procedures described by Schwertmann and Cornell (2008),
and resulted in variations among batches. Phosphate is more
soluble than Fe and occasionally we observed rapid release of
33P also from the washed co-precipitated mineral (Supporting
Information Note 1; Tables S1, S2). It is hence important to
characterize the dissolution/release kinetics of the synthesized
mineral prior to each experiment. For simplicity, we refer to
these minerals as 33P-labeled ferrihydrite for the rest of the
paper.

Trichodesmium collection, handling, and culturing
Natural Red Sea Trichodesmium colonies

Puff-shaped colonies of Trichodesmium thiebautii
(Koedooder et al. 2022) were collected by net-tows from the
Gulf of Eilat/Aqaba during springs 2019 and 2022. The colo-
nies were quickly hand-picked from the net-concentrate under
a stereoscope using plastic droppers and were suspended in a
petri dish with FSW. Integral and well-formed colonies were
then selected for the uptake assays and rinsed by 3–5 repeated
transfers to new FSW. Finally, 30–50 colonies were placed in a
petri dish and maintained at 25�C with a light intensity of
� 80 μmol photons m�2 s�1. On one occasion in spring 2019,
tuft-shaped colonies of Trichodesmium erythraeum (Koedooder
et al. 2022) were collected and treated in a similar way. Images
of selected colonies were obtained using a camera attachment
to a stereoscope for assessing interactions with the added
radiolabeled minerals.

T. erythraeum strain IMS101 culture
A culture of T. erythraeum strain IMS101 was grown at 25–

26�C, 12 : 12 h photoperiod at � 80 μmol photons m�2 s�1 in
a modified YBC-II medium that contained 20 μM
ethylenediaminetetraacetic acid (EDTA). Cultures were grown
on 5 μM phosphate that in the late exponential phase leads to
mild P-limitation. This mild P-limitation resulted in reduced
final biomass (detected by in vivo fluorescence and cell
counts) and lengthening and thinning of the trichomes
(Mulholland et al. 2002). Prior to uptake assays, 200–300 mL
of culture was gravity filtered on polycarbonate filters (8 μm,

Ø 47 mm, Nuclepore©) and rinsed five times with FSW. Fila-
ment (trichome) enumeration for strain IMS101 involved fixa-
tion with Lugol’s solution and manual counting using a
Sedgwick-Rafter Cell (Pyser-SGI) under bright-field Nikon
Eclipse Ci-E microscope, at 10� magnification. The numbers
of trichomes in the natural colonies were repeatedly counted
on tens of colonies (see also Basu and Shaked 2018). Counting
was done on images of intact colonies and/or colonies that
were separated into single filaments by shaking.

Uptake assays from 33P-labeled ferrihydrite
Setup and assay initiation

Uptake assays with natural colonies were carried out in
petri dishes (Ø15 mm) filled with � 2 mL FSW at a density of
� 15–25 puffs mL�1. Cultured strain IMS101 was placed in
small Nalgene bottles filled with 10–30 mL P-free YBC-II
media at a density of � 1.5–2.5 � 104 trichomes mL�1. Experi-
ments were initiated by pipetting 7–20 nM 33P-labeled
ferrihydrite directly on natural colonies or concentrated cul-
ture trichomes, to ensure optimal cell–mineral associations
and avoid mineral loss to the container walls. To further favor
cell–mineral contact, cells were maintained initially in 0.5–
1 mL, and the remaining water was added once the interac-
tion was visually confirmed in a stereoscope (Fig. 1). Colonies
were then incubated with the mineral for 3–8 h at 25�C under
illumination (� 80 μmol photons m�2 s�1). Uptake assays
with cultured Trichodesmium (IMS101) were conducted in
duplicates. Due to biomass limitation, uptake assays with nat-
ural colonies were typically not replicated on a single day but
were conducted repeatedly over several days

Cell harvesting and removal of external P
The extracellular 33P associated with minerals was removed

using a Ti–EDTA–citrate solution that reductively dissolved
ferrihydrite (Hudson and Morel 1989). Following Basu and
Shaked (2018), Ti–EDTA–citrate wash was added directly to
the cells (3 : 1 volumetric ratio of wash to FSW) and the mix-
ture was incubated for 25 min. Colonies were then gravity fil-
tered on 8-μm polycarbonate filter, rinsed thrice with 1 mL of
FSW, and counted in liquid scintillation counter. This proce-
dure replaces the standard 10 min wash of cells on filters,
which was found insufficient to remove all minerals. Uptake
assays with glutaraldehyde-killed colonies using both bulk
scintillation counting and beta-imaging confirmed that this
procedure indeed removed all external P (Fig. 1). We also con-
firmed that P did not leak from the cells due to the washes
(Supporting Information Note 3).

Effect of desferrioxamine B on P dissolution and uptake
Following the above method, we next probed for the effect

of the microbially produced siderophore desferrioxamine B
(DFB) on abiotic dissolution of 33P-labeled ferrihydrite
(� 7 nM P) in seawater, and on cellular uptake of both natural
colonies and cultured Trichodesmium. DFB was added at a final
concentration of 1–2 μM in our incubations, with seawater
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serving as controls. In order to confirm that the added DFB
was not inhibiting the P acquisition, we also studied the
effects of added DFB on cellular uptake of dissolved inorganic
33P (Supporting Information Fig. S2).

Radioimaging of 33P uptake by single colonies
As in the “bulk” uptake experiments, 33P-labeled

ferrihydrite containing 7–10 nM P was mixed with fresh puff-
shaped colonies and incubated for 3–7 h. Then, colonies were
gently soaked in Ti–EDTA–citrate solution to ensure complete
removal of external 33P, rinsed individually by three serial
washes in FSW using a plastic dropper, and finally soaked in
1% paraformaldehye (PFA) to remove the salt crystals. Colo-
nies were placed on poly-L-lysine-coated glass slides and left to
air dry. Separate slides were prepared for the killed controls
(Fig. 1). Prior to imaging, slides were covered with 10-μm-thick
scintillation foil and imaged in a BetaImagertm (Biospacelab)
until 2 million counts were reached. The images were ana-
lyzed for counts per minute (CPM) per colony and the spatial
distribution of radioactivity was recorded (Biospacelab,
M3Vision). Total uptake per colony was calculated from the
specific activity of the mineral (1.52 � 1015 CPM mol�1) mul-
tiplied by 2, as the foil captures only half of the radiation. Due
to short half-life of 33P, all radioactive counts were corrected
for decay.

Effects of superoxide on mineral dissolution and uptake by
Trichodesmium

In spring 2022, a series of dissolution and uptake experi-
ments were conducted with P-ferrihydrite labeled with either
33P or 55Fe and cultured strain IMS101. Superoxide (O�

2 ) was
generated by dissolving �10–25mg of KO2 in pH12.5 trace-
metal-cleaned NaOH solution (Diaz et al. 2013). Absorbance
was immediately recorded in an UV/Vis spectrophotometer at
240nm, with and without additions of superoxide dismutase
(SOD, 10 UmL�1). Since, SOD dismutates O�

2 to generate

H2O2, the final molar concentration of O�
2 in the stock was

calculated following molar absorptivity corrections for H2O2

(Bielski et al. 1985). The stock solutions were diluted to a pH 8
NaOH solution and then added to the incubations, targeting a
concentration of �100nM O�

2 . Since O�
2 decays rapidly in sea-

water (half-life of few minutes), the actual O�
2 concentrations

added are expected to be lower. The actual O�
2 concentrations

were not recorded during the �6 h uptake or dissolution assay
due to volume restrictions. Instead, O�

2 was added at regular
intervals of 1.5 h.

Results
Uptake and dissolution rates of phosphate from Fe-33P
minerals

We applied our method to determine rates of phosphate
dissolution (abiotically) and uptake from 33P-labeled
ferrihydrite by both, field-collected colonies and laboratory
cultured Trichodesmium. The first set of experiments was
conducted during April and May 2019 with natural Red Sea
colonies from two different species, namely T. thiebautii (puff-
shaped colonies) and T. erythraeum (tuft-shaped colonies)
(Koedooder et al. 2022). In parallel, we tested also the ability
of P-limited Trichodesmium cultures (strain IMS101) to acquire
phosphate from 33P-labeled ferrihydrite and followed the rate
of phosphate dissolution from the mineral in the absence of
cells. To enable comparison among experiments, rates were
normalized to the number of trichomes (filaments) present in
each experiment.

Trichome-normalized uptake rates varied by up to fourfold,
with puff-shaped colonies showing higher rates than tuft-
shaped colonies and P-limited cultures (Fig. 2a). Such varia-
tions in P uptake rates may reflect differences in cell–particle
interactions. Iron uptake from ferrihydrite was shown to be
linked to colony–particle interactions (Rubin et al. 2011; Basu
and Shaked 2018). Likewise, the lower P uptake by the single
trichomes of IMS101 (Fig. 2a) may result from their weaker

(c) Killed(b) Live(a) Live

6

4

C
PM

 m
m

–2

2

Fig. 1. Method verification: colony-particle interactions, removal of external mineral and 33P internalization. (a) Microscopic image of a colony that
trapped Fe-P particles (not washed). (b,c). Beta-imaging maps of 33P overlaid upon microscopic images of colonies incubated with 7 nM 33P-labeled
ferrihydrite for 12 h and washed with Ti–EDTA–citrate to remove external 33P. Uptake of 33P is seen in the center of the live colony (b), while the effi-
ciency of the wash in removing all external 33P is evident from the lack of radioactivity in the killed colony (c).
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interactions with particles compared with the intricate puff-
shaped colonies (Kessler et al. 2020a). Yet, the interspecies var-
iations in mineral P uptake are less pronounced than those of
mineral Fe (Rubin et al. 2011; Basu and Shaked 2018), proba-
bly due to the higher solubility of the P-minerals (Table 1;
Supporting Information Table S1). Phosphorus uptake rates
may also be affected by the organism’s P nutrition. Natural
Red Sea Trichodesmium spp. were shown to experience P limi-
tation based on P stress marker genes (Wang et al. 2022) and
alkaline phosphatase activity (Stihl et al. 2001). Here, we did
not assess directly the colony’s P stress, but the high uptake
signal obtained from only several colonies suggests that natu-
ral colonies are in a need for P and hence express their high
affinity P transport systems.

Next, we compare the overall phosphate uptake rates with
the mineral P release/dissolution rates, which were determined
in parallel without cells. Since Trichodesmium internalizes only
dissolved P, the overall uptake rate is indicative of the dis-
solved P flux to the cells. Efficient uptake of all P released from
the mineral will result in similar dissolution and uptake rates.
Faster uptake than dissolution implies cell-mediated dissolu-
tion, while slower uptake than dissolution hints at some
constrain for utilization. As expected, dissolution rates of
33P-labeled ferrihydrite in cell-free seawater were rather con-
stant among days, ranging from 0.3 to 0.5 nM P d‑1 (Fig. 2b).
These rates represent dissolution of 0.2–0.3% of the P in the
mineral per hour, as seen in our characterization experiments
(Table 1). The overall P uptake by Trichodesmium in each of
these days was similar or higher than P dissolution rate
(Fig. 2b). For Fe, rates of 55Fe uptake repeatedly exceeded
55Ferrihydrite dissolution by up to threefold, demonstrating
that natural Trichodesmium colonies actively promote

ferrihydrite dissolution (Basu and Shaked 2018). Here, the lim-
ited number of experiments and the small excess of uptake
over dissolution are not sufficient to confirm biotically
induced/mediated dissolution of phosphate from iron min-
erals. Further research examining the ability of the
Trichodesmium consortium to solubilize P from minerals is
required.

Single colony uptake of P from 33P-labeled ferrihydrite
The uptake experiments presented so far were conducted

with 20–50 colonies that were collected on a single filter and
measured with a scintillation counter. This technique provides
quantitative information on the bulk uptake of all colonies
present in the assay, but is not sensitive enough for analyzing
single colony uptake. Hence, we also studied P uptake from
33P-labeled ferrihydrite by individual natural colonies using
2D beta-imaging. We consider this method as complementary
to the standard uptake assays, allowing a closer look into
colony–colony variations and localization of the internalized
P. This technique enabled us to validate that all external par-
ticulate 33P was efficiently washed from the colonies (Fig. 1).
In addition, light microscopy revealed that all colonies
remained intact after washing and fixing the cells (see “Effect
of desferrioxamine B on P dissolution and uptake” section),
and that the size and morphology of the colonies differed
(Fig. 3a, bottom panel). Beta-imaging of these colonies showed
high variability in the 33P signal among colonies, indicating
that some colonies acquired relatively high P, while others did
not internalize any P (Fig. 3a, top panel). This intriguing find-
ing points to the importance of cell–mineral proximity for
uptake and may hint at a role of the colony microbiome in
increasing mineral P bioavailability. Furthermore, beta-

(a) (b)

Fig. 2. Phosphorus uptake rates from 33P-labeled ferrihydrite by cultured and natural Trichodesmium colonies, collected from the Gulf of Aqaba on differ-
ent days. (a) Uptake rates normalized to trichomes (i.e., biomass normalized), for comparison among species. (b) Total uptake rates (green bars) pres-
ented together with phosphate dissolution rates from 33P-labeled ferrihydrite (purple bars). Dissolution rates measured in the absence of cells, provide a
measure for the P supply from the minerals. Same uptake experiments are shown in both panels but the data is calculated differently, allowing interspe-
cies comparison (a) and uptake and dissolution rates comparison (b). Rates of uptake by cultures are duplicated, while low biomass prevented replication
of uptake by natural colonies.
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imaging was applied to obtain spatial information on uptake
at subcolony resolution. In accord with our former study using
55Ferrihydrite (Basu et al. 2019), overlaying 33P distribution
maps of single colonies on their microscopic images yielded a
33P signal localized in the colony center (Fig. 3b, upper panel).
This intense 33P signal in the colony core may originate from
high cell–mineral proximity and lower diffusive losses of P,
but may also reflect the high density of filaments in the col-
ony core. Cross sections of the colonies reveal fivefold to
eightfold higher 33P accumulation in the colony’s center com-
pared to its periphery (Fig. 3b, lower panel). Density changes
of twofold to sevenfold estimated from the images, leave both
interpretations plausible. Hence, the higher 33P uptake
observed in the colony core (Fig. 3b) may originate from
particle–cell proximity and minimized diffusive losses of the P
released from the mineral, but may also reflect higher cell
density.

Pathways inducing ferrihydrite dissolution and
subsequently increasing P availability

In oceanic settings, P containing Fe minerals (generally
noted as P-bound Fe), are next in abundance to apatite
(Paytan and McLaughlin 2007; Duhamel et al. 2021). Hence,
reactions leading to dissolution of Fe minerals increase P
release and thus enhance availability to microbes. Common
microbial pathways for solubilizing Fe minerals include
ligand-assisted and reductive dissolution, which are often acti-
vated under Fe-limiting conditions (Melton et al. 2014;
Kappler et al. 2021). Interestingly, P-limitation can also

activate these pathways. For example, upon P-limitation some
marine bacteria were found to synthesize molecules, which were
identified as siderophores (strong Fe-binding ligand, Romano
et al. 2017). Here, we examined whether a siderophore (DFB)
and a reductant (superoxide) can enhance: (a) ferrihydrite disso-
lution rate, (b) P release rate, (c) Fe uptake rate, and (d) P uptake
rate. Our experimental approach involved synthesizing 33P-Fe
and P-55Fe ferrihydrite and conducting uptake and cell-free dis-
solution assays with these reactants.

Starting with siderophores, we chose DFB, which we
detected during in situ Trichodesmium blooms and short-
term incubations (Basu et al. 2019; Gledhill et al. 2019). We
first confirmed that 1–2 μM DFB indeed enhance Fe dissolu-
tion using P-ferrihydrite labeled with 55Fe (Fig. 4a). These
concentrations exceed those detected in natural blooms, but
may reflect concentrations in the colony core (Kessler
et al. 2020b). Next, we tested the effect of DFB on P release
from 33P-labeled ferrihydrite in the absence of cells, and on
P uptake by natural and cultured Trichodesmium. In all
experiments, the addition of DFB accelerated 33P release and
resulted in faster P uptake rates (Fig. 4b,c; Supporting Infor-
mation Tables S4, S5). Interestingly, the effect of DFB on P
dissolution was stronger (twofold to sevenfold enhance-
ment; Fig. 4b) than its effect on P uptake (1.1- to 1.6-fold
enhancement, Fig. 4c), indicating that some of the DFB-
released P was not internalized by the cells. This is in con-
trast to 55Fe, where DFB quantitatively enhanced dissolution
and uptake from 55Ferrihydrite (Basu et al. 2019). An inhibi-
tory effect of DFB on Trichodesmium’s P uptake system was
ruled out by conducting experiments with dissolved 33P,
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Fig. 3. Radioimaging of 33P uptake of natural Trichodesmium thiebautii colonies from 33P-labeled ferrihydrite. (a) Microscopic and radioimages of colo-
nies on a slide. (b) Representative light microscope images of colonies overlaid with radioimages (top panel) and distribution of radioactivity counts along
spatial transects through the center of the colony (bottom panel).
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showing comparable uptake rates with and without
DFB (Supporting Information Fig. S2). Hence the weaker
P-uptake response observed here may reflect faster diffusive
loss of the small P molecule (33PO4) released by DFB com-
pared to the “bulky” 55Fe-DFB complex.

Turning to superoxide (O�
2 ), a reactive oxygen species,

which is produced and released to seawater by natural
Trichodesmium colonies under physiological conditions
(Hansel et al. 2016). An involvement of O�

2 in Fe uptake by
several cyanobacteria was documented under oxic conditions,
where O�

2 catalyzes reductive dissolution of high labile Fe
minerals (Rose et al. 2005; Swanner et al. 2015). Here we seek
to extend these findings and test if externally added O�

2 can
also enhance 33P release rate and 33P uptake. Since O�

2 is
highly reactive, capable of reducing and oxidizing Fe and addi-
tional metals and can even react with itself (dismutate), it is
hard to experimentally control this system (Morris
et al. 2022). Moreover, given the low solubility of Fe in
seawater, Fe may quickly reprecipitate, possibly along with
33P (Gunnars et al. 2002). We hence repeated the assays many
times adding O�

2 (as KO2) at different intervals and

concentrations. We also tested several types of P-ferrihydrite,
synthesized according to different protocols and varying in
their P release rates (Supporting Information Table S2).

A positive effect of O�
2 on Fe dissolution and uptake by cul-

tured Trichodesmium was found for 55Fe-labeled P-ferrihydrite
(Fig. 5a; Supporting Information Table S4). Yet, the effect of
O�

2 on P release and uptake from 33P-ferrihydrite was less con-
sistent (Fig. 5b; Supporting Information Table S3). We chose
to show all data, presenting the rate ratio of experiments with
added O�

2 over the control, for both P release and P uptake
(Fig. 5b). A large scatter in the data is seen, with ratios close to
1 (no effect), lower than 1 (negative effect), and higher than
1 (positive effect). This scatter can be partly explained by the
six different 33P-ferrihydrite batches used, noted by distinct
symbols (Fig. 5b). For some of these minerals, primarily those
utilized in the beginning, a positive effect of O�

2 on P uptake
and release was detected. To conclusively show a positive
effect of O�

2 on P dynamics, a fine-tuning of the mineral syn-
thesis and O�

2 generation is required. Overall, based on our
data (Fig. 5), we conclude that O�

2 can enhance Fe (and possi-
bly also P) release and uptake.

Fig. 4. Effect of the Fe-binding ligand DFB on Fe and P release from Fe-P minerals and P uptake by P-limited Trichodesmium erythraeum (strain IMS101).
(a) DFB enhances 55Fe release from P-55Ferrihydrite. (b). DFB enhances 33P release from 33P-ferrihydrite. (c) DFB enhances 33P uptake from 33P-
ferrihydrite. Cartoons under each graph schematically represent the major reactions. Rates of uptake by cultures are duplicated, while low biomass
prevented replication of uptake by natural colonies. [Correction added on 11 May 2023, after first online publication: Figure 4 revised due to missing
numbers on axis lines.]
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Discussion
Analytics of Fe-33P mineral uptake

One of the largest challenges in studying availability of par-
ticulate nutrients is to separate the small signal of internalized
nutrient from the large signal of external particles, while
maintaining the organism integrity. We chose to use Fe-
minerals (here ferrihydrite) as the scaffold for particulate P,
since Fe-minerals were found to undergo complete reductive
dissolution and complexation with Ti–EDTA–citrate wash,
providing a method to remove all external P (Hudson and
Morel 1989; Tang and Morel 2006; Basu and Shaked 2018).
We synthesized two Fe-minerals labeled with radioactive 33P:
(a) 33P-adsorbed ferrihydrite and (b) 33P-labeled ferrihydrite
(based on co-precipitation). The first released too much 33P
into solution, so that the assay was in fact predominantly a
dissolved P assay (Table 1), and hence this mineral was not
used further. The 33P-labeled ferrihydrite provided a slow and
steady flux of dissolved P and supported measurable uptake
(Table 1; Fig. 2). Microscopic- and beta imaging confirmed effi-
cient removal of external mineral-phase and adsorbed 33P,
mineral centering by the colonies, and elevated 33P uptake in
the colony core (Fig. 1; Supporting Information Table S1). We

also confirmed that the Ti–EDTA–citrate wash did not cause

leakage of intracellular P (Supporting Information Note 3).

Furthermore, this setup allows examining Fe bioavailability in

parallel by synthesizing 55Fe-P minerals as shown in Figs. 4, 5.
Overall, our study successfully addressed many challenges

related to measuring uptake from minerals, ensuring high sen-
sitivity, rapid detection, parallel measurements of mineral dis-
solution (or release) kinetics, and effective removal of minerals
from cells. Nonetheless, we encountered several inherent
problems. For example, the 2D imaging uncovered that single
colony uptake of 33P from minerals is highly heterogeneous
(Fig. 3), probably due to different degree of colony–mineral
interactions and physiological diversity in the colony’s micro-
bial community. Yet, bulk 33P uptake values for replicate sam-
ples obtained for different days remained relatively stable
(Fig. 2), indicating sufficient homogenization of the colonies
for bulk measurements. Thus, we recommend future studies to
consider the degree of colony–particle interaction, as it is a
key feature for uptake. We also encountered difficulties during
mineral synthesis, since only a small fraction of 33P was incor-
porated into the precipitate (< 10% mol), as reported by Kraal
et al. (2020). Subsequently, a large fraction of the 33P was

Fig. 5. Effect of superoxide (O�
2 ) on Fe and P release from Fe-P minerals and uptake by P-limited Trichodesmium erythraeum (strain IMS101). (a) Superox-

ide enhances 55Fe release and uptake from P-55Ferrihydrite. (b) Superoxide enhances 33P release and uptake from 33P-ferrihydrite. Dissolution or uptake
data are presented as ratios of rates with added superoxide over control. Symbols represent the different minerals tested. Cartoons under each graph
schematically represent the major reactions. Raw data are presented in Supporting Information Tables S3 and S4. [Correction added on 11 May 2023,
after first online publication: Figure 5 revised due to missing numbers on axis lines.]
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adsorbed onto the mineral surface and thus easily released
during the experiments. Yet, we managed to remove this frac-
tion by applying three washing steps prior to experiment
(Supporting Information Note 2). Acknowledging differences
among discrete mineral batches, we synthesized (Supporting
Information Note 1; Table S2), care should be practiced when
comparing results from our two field seasons.

Despite these short-comings, our methodology enabled us
to link rates of Fe-P mineral dissolution and uptake by natural
Trichodesmium colonies (Fig. 2), examine P uptake by individ-
ual colonies (Fig. 3) and experimentally demonstrate the
potential of reductive and ligand assisted dissolution to co-
extract Fe and P from particles (Figs. 4, 5), such as aerosols or
re-suspended sediments. Our method and novel concepts
build upon and feed into a growing appreciation of the preva-
lence of microbe–particles interactions and microbial mineral-
transformations in different ocean ecosystems throughout the
water column (Azam and Malfatti 2007; Seymour et al. 2017).

Implications for Trichodesmium’s Fe and P nutrition
Most research on P uptake of Trichodesmium focused on its

versatile and unique abilities to obtain P from organic sources
(Dyhrman et al. 2006). To the best of our knowledge, our data
on bulk and single colony phosphate uptake from solid-phase
P (Figs. 1–5) are the first of their kind. Our study also highlights
a mostly unexplored link between Fe and P uptake, which we
title co-acquisition. This co-occurring uptake results from bio-
dissolution mechanisms acting on both Fe and P that are often
in close geochemical association in soils, sediments and aero-
sols. Although apatite is the most common P mineral, its low
solubility renders it poorly bioavailable in natural waters
(Duhamel et al. 2021). The next largest particulate P pool is P-
bound Fe, a poorly defined heterogenous pool, composed of
authigenic minerals that form during weathering, transport
and within sediment redox boundaries (Paytan and
McLaughlin 2007; Egger et al. 2015). When Trichodesmium spp.
interact with P-bound Fe particles they may benefit from co-
release of both nutrients. Moreover, when the colony’s micro-
biome “mine” minerals for dissolved Fe, they may further bene-
fit from co-release of bioavailable phosphate (Figs. 4, 5). Several
new studies, suggesting that P-limited bacteria produce ligands
or redox reactive antibiotics that can solubilize Fe-minerals and
foster P release, further support these ideas (Romano
et al. 2017; McRose and Newman 2021; Cui et al. 2022). Our
findings are relevant to many ocean regions, such as the North
Atlantic Gyre, where Trichodesmium populations are co-limited
by Fe and P (Held et al. 2020; Cerdan-Garcia et al. 2022). Sur-
prisingly, Trichodesmium spp. can optimize their performance
to thrive specifically under Fe-P co-limitation, reaching higher
growth than under only Fe or P limitation (Walworth
et al. 2016). Intriguing laboratory and field investigations iden-
tified a unique molecular signature indicating physiological
remodeling, enabling Trichodesmium spp. to adapt and exploit
an Fe-P co-limited ocean niche (Walworth et al. 2016; Held

et al. 2020; Cerdan-Garcia et al. 2022). It is possible that the co-
occurring uptake of Fe and P from minerals offers an additional
adaptation to this niche.

There are also differences among these elements, especially
regarding dissolution (or desorption) and metabolic require-
ments. Comparing rates of 55Fe and 33P dissolution in the cur-
rent and past studies (Basu and Shaked 2018; Basu et al. 2019),
reveal larger fluxes of 33P from the ferrihydrite compared to
55Fe (Supporting Information Tables S1, S3, S4). The elevated
33P release likely results in higher loss by diffusion from the col-
onies, possibly explaining the moderate effect of DFB and
superoxide on 33P uptake (Figs. 4, 5). Despite its higher solubil-
ity, inorganic particles (aerosols, suspended sediments) are typi-
cally considered negligible source of P compared to Fe (Moore
et al. 2013). This is so, since Trichodesmium’s P requirements
are 10–100 higher than those of Fe (Dyhrman 2016), while
most aerosols contain more Fe than P (Anderson et al. 2010).
Bearing in mind the importance of multiple organic P sources
utilized by Trichodesmium and its associated microbiome
(Frischkorn et al. 2017), we suggest it is important to consider P
supply from (some) inorganic particles.

Extending our views on particles bioavailability to
phytoplankton

Next, we zoom-out and explore the broader topic of partic-
ulate nutrients bioavailability to phytoplankton. In the con-
text of marine primary productivity, a strong emphasis is
placed on evaluating and modeling nutrient fluxes from aero-
sols (e.g., ash or eolian dust) deposited on the ocean surface
(Mahowald et al. 2018). With regards to P release and bioavail-
ability after aerosol deposition, it is commonly assumed to be
controlled by P speciation in the aerosol (Shi et al. 2019; Dam
et al. 2021). But also in the seawater P availability can be
altered, by organic ligands, phytoplankton and/or bacteria.

Seawater composition was shown to effect aerosol Fe solu-
bility, by means of reductive or ligand assisted dissolution
(Aguilar-Islas et al. 2010). As shown here experimentally
(Figs. 4, 5), such pathways can also enhance P release.
Microbes residing in seawater, either alive or degraded, can
further affect the aerosol solubility by physically attaching to
aerosols and hence alter their residence time in the ocean sur-
face. Cell–particle interactions are commonly reported in lakes
and coastal regions, but even in remote ocean regions there
are indications for such encounters (Held et al. 2021; Dansie
et al. 2022). Cell–particle interactions can strongly affect the
particle fate and chemical milieu and subsequently change its
solubility and bioavailability. Mineral–cell interactions and
bio-modifications of Fe–minerals were reported for several
phytoplankton including coastal and marine cyanobacteria
(Rose et al. 2005; Kranzler et al. 2016; Swanner et al. 2018),
and diatoms (Hettiarachchi et al. 2021).

In the case of Trichodesmium, the colony microenviron-
ment enables reactant build-up and minimizes diffusive losses,
and thus favors mineral dissolution and uptake (Rubin
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et al. 2011; Basu and Shaked 2018; Eichner et al. 2020).
Ligand-assisted mineral–Fe dissolution proceeds through
mutualistic interactions among the microbes composing the
colony consortium (Basu et al. 2019), where bacteria synthe-
size siderophores that solubilize Fe minerals, while
Trichodesmium provides fixed carbon and nitrogen essential
for siderophore synthesis (Gledhill et al. 2019). Such ligand-
promoted dissolution may also enhance solubility and avail-
ability of P associated with Fe-mineral, as we show here
(Fig. 4). Other pathways for increasing P fluxes include reduc-
tive dissolution of Fe-minerals, via superoxide (Fig. 5; Hansel
et al. 2016) and additional reductases released by
Trichodesmium and its associated bacteria.

In light of the multiple pathways by which Trichodesmium
and additional phytoplankton species employ for altering
aerosol Fe (and likely P) solubility, we propose to extend our
view on the availability of particulate nutrients, and reclaim
the term “bio” in bioavailability. We place the chemical solu-
bility of the aerosol as the basis of this bioavailability scheme,
typically evaluated by standard leaching techniques using sea-
water, distilled water or weak acids (Perron et al. 2020). We
then suggest to add another component related to physical
attachment between cells and particles that can optimize
nutrient supply to the cell. This optimization results from lon-
ger nutrient release time in the immediate proximity to the
cells. Finally, we offer to augment the role of biologically
mediated modifications in increasing bioavailability. Such
modifications, even if subtle, can lead to elevated fluxes, given
time and cell–particle proximity. Thus, biological processes
prevailing in marine microhabitats likely affect marine biogeo-
chemical cycles on a large scale and should be considered
when referring to particle and/or aerosol-derived nutrient bio-
availability in marine environments.

Data availability statement
All data are original and were not published anywhere else.
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