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Abstract

Aerosol dust deposited on the nutrient-deprived surface ocean can boost phytoplankton growth and oce-
anic carbon uptake. Low mineral solubility restricts the biological utilization of dust-nutrients, thereby
benefiting phytoplankton that actively dissolve dust. The ubiquitous colony-forming, N,-fixing cyano-
bacteria Trichodesmium specialize in dust-nutrient utilization, with several dust-dissolution pathways identi-
fied in natural populations. Studying active dust dissolution by Trichodesmium, we surveyed the elemental
composition (i.e., quotas) of natural colonies from the dust-impacted Red Sea using a benchtop micro-x-ray
fluorescence imager. We also examined changes in the colonies’ quotas during incubations with dust and
nutrients. Accounting for inter-colony variability, we analyzed 106 individual colonies. Since particles often
appeared on the surface of colonies, we carefully analyzed all images, removing dust particle signals from
colony quotas. Focusing on the colonies’ iron (Fe) and phosphorus (P) quotas, we observed contrasting pat-
terns of inter-colony variability and responses to dust, likely reflecting distinct nutrient sources—Fe sourced
from dust and P sourced from the dissolved phase. Iron uptake from dust was repeatedly observed, but only
upon colony-mineral interactions, indicative of contact-dependent active dissolution. The role of dust in
Fe nutrition was also evident from the minor impact of dissolved Fe complexation on Fe quotas. Phospho-
rus quotas responded rapidly to P addition or removal, but not to dust. Natural colonies collected over a
season had heterogeneous Fe quotas but homogeneous P quotas, further supporting their distinct sources.
Predictions of Trichodesmium’s bloom dynamics in particle-rich and dust-impacted ocean environments
should incorporate its ability to dissolve Fe-minerals.

Trichodesmium spp., a warm-water N,-fixing cyanobacte-

rium, is a keystone specie in tropical and sub-tropical ecosys-

_ tems and plays an important role in ocean biogeochemistry
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anic carbon uptake by introducing new N sources to nitrogen-
deprived seawater and thus supports energy and matter
Futing Zhang and Antonio Colussi equally contributed to this study. transfer through various food webs (Bergman et al. 2013;

Associate editor: Susanne Wilken


https://orcid.org/0000-0002-7831-8313
https://orcid.org/0000-0002-7747-1682
https://orcid.org/0000-0002-4190-4431
https://orcid.org/0000-0002-7889-3211
https://orcid.org/0000-0001-6106-7880
https://orcid.org/0000-0002-3595-9671
https://orcid.org/0000-0001-5454-8969
https://orcid.org/0000-0002-0012-4359
https://orcid.org/0000-0002-7446-8867
https://orcid.org/0000-0003-0712-7023
mailto:yeala.shaked@mail.huji.ac.il
mailto:hendrik.kuepper@umbr.cas.cz
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.70194&domain=pdf&date_stamp=2025-09-05

Shaked et al.

Berman-Frank et al. 2001; Pierella Karlusich et al. 2021).
Trichodesmium may also contribute to carbon export, espe-
cially if its large blooms collapse and sink rapidly as large
aggregates, often associated with ballasting dust particles (Bar-
Zeev et al. 2013; Pabortsava et al. 2017; Bonnet et al. 2023).
Several climate-change studies have predicted that the global
distribution of Trichodesmium and N, fixation rates will further
increase as temperatures and atmospheric CO, levels rise
(Jiang et al. 2018; Walworth et al. 2018; Boatman et al. 2020).
It was also referred to as a biodiversity hotspot, providing mul-
tiple microorganisms with physical support, shelter from graz-
ing, a nest for reproduction, and a vessel for dispersion
(O’Neil 1998; Zhang et al. 2024).

The basic unit of this filamentous cyanobacteria is the tri-
chome, composed of tens to hundreds of cells. These tricho-
mes can aggregate to form millimeter-sized colonies
containing hundreds to thousands of trichomes (Capone
et al. 1997). These colonies are composed of single or multiple
species of Trichodesmium and exhibit varying sizes, shapes,
and spatial arrangements, with the most common mor-
photypes being termed puffs and tufts (McCarthy and Carpen-
ter 1979). In addition, these colonies host a diverse array of
other microorganisms, including bacteria, phytoplankton, and
even zooplankton (Sheridan et al. 2002; Koedooder et al.
2023). Colony formation entails both benefits and disadvan-
tages for nutrient acquisition. The large colony size and its ele-
vated nutrient demand can result in diffusion limitation for
dissolved nutrient supply (Sommer et al. 2017), driving colo-
nies to access other nutrient sources that are typically
unavailable to phytoplankton (Eichner et al. 2023). Such
sources include minerals and particles (Rubin et al. 2011; Poly-
viou et al. 2018) and a range of organic molecules (Van Mooy
et al. 2012; Frischkorn et al. 2018). The features that aid colo-
nies in diversifying their nutrient sources involve the excre-
tion of hydrolytic enzymes and metal-binding molecules,
often orchestrated by bacteria cohabiting the colonies (Basu
et al. 2019; Frischkorn et al. 2017; Gledhill et al. 2019;
Koedooder et al. 2023).

In many oligotrophic environments, Trichodesmium is sub-
jected to iron (Fe) and phosphorus (P) limitation or co-
limitation (Paerl et al. 1994; Safiudo-Wilhelmy et al. 2001;
Webb et al. 2007; Held et al. 2020; Cerdan-Garcia
et al. 2022). Trichodesmium acclimates to Fe-limitation by
down-regulation of N,-fixation and adjustment of photo-
synthetic electron flow (Kipper et al. 2008; Colussi
et al. 2024). Deposition of aerosols such as desert dust or
ash on the ocean surface can sporadically alleviate this
nutrient stress and support Trichodesmium blooms (Chen
et al. 2011; Lenes et al. 2008). Multiple culture experiments,
on-deck incubation, and remote-sensing observations
established the importance of desert dust and additional
aerosols for Trichodesmium’s growth and N,-fixation (Mills
et al. 2004; Langlois et al. 2012; Benavides et al. 2013).
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In addition, mechanistic studies have revealed that a range
of adaptations for dust wutilization exists in natural
Trichodesmium colonies. The colonies can prevent dust loss
due to sinking by efficiently capturing and redistributing dust
to their cores (Rubin et al. 2011; Kessler et al. 2020a; Wang,
et al. 2022a). Since the solubility of dust minerals is often low
and dissolution is a prerequisite for uptake, recent studies
focus on colony-mediated pathways for active dust dissolu-
tion, such as reductive and ligand-promoted dissolution (Basu
and Shaked 2018; Eichner et al. 2019, 2020; Shaked et al.,
2023). A noteworthy recent finding is the mutualistic interac-
tions of Trichodesmium with its associated bacteria that synthe-
size mineral-solubilizing compounds (siderophores), some of
which are photolabile and thus can distribute the dissolved Fe
to the entire consortium (Basu et al. 2019; Koedooder
et al. 2023). Further evidence for active colony-mediated dust
dissolution comes from the upregulation of unique genes and
proteins upon physical interaction of colonies with dust
(Polyviou et al. 2018; Held et al. 2021).

Such a capability of actively dissolving the almost insoluble
dust minerals can provide Trichodesmium a competitive advan-
tage over other phytoplankton (Basu et al. 2019). Upon its
demise, Trichodesmium may further fertilize the ocean with
these nutrients (Shaked et al. 2024). A common method for
probing active mineral dissolution involves comparing uptake
with and without cell-mineral contact, where contact is
prevented by placing the mineral in a dialysis bag (Kranzler
et al. 2016). However, the presence of minerals on cells, which
are difficult to remove, complicates these uptake measure-
ments. Subsequently, these particles add to the overall cell sig-
nal and prevent the quantification of intracellular elemental
concentrations or quotas. Elemental imaging with a micro
x-ray fluorescence (uXRF) imager offers a way to overcome this
challenge. Given the high spatial resolution of images
obtained by xXRF, areas of interest, such as dust, can be sepa-
rated from the cells (van der Ent et al. 2018). This process of
image analysis is termed masking and has also been
established for benchtop systems in 2D mode (Mijovilovich
et al. 2020).

Here, seeking to explore nutrient uptake from dust by
Trichodesmium and, specifically, its ability to dissolve dust
actively, we examined the elemental composition of individ-
ual natural colonies from the dust-impacted Red Sea. Utilizing
our highly accessible, in-house, customized benchtop uXRF
imager, we analyzed 106 individual colonies from multiple
morphotypes and species. By combining in situ collection of
colonies and incubation experiments, we probed for changes
in colony composition in response to dust and nutrient addi-
tion (or removal). Since particles were often associated with
the colonies, we had to mask them by performing a detailed
image analysis. Through image analysis, we also examined the
spatial distribution of elements between the colony core and
its periphery. We then analyzed this rich dataset, focusing on
the iron and phosphorus content (quotas) of the colonies.
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Collectively, our findings suggest that Red Sea Trichodesmium
colonies obtain phosphorus from the dissolved phase, while
iron is acquired from the particulate phase through contact-
dependent active dissolution of dust.

Methods

Colony collection and preparation for pXRF analysis

We collected natural Trichodesmium spp. colonies from the
northern Gulf of Aqaba during the spring and autumn of
2021 (29.56°N, 34.95°E). Colony density was elevated in these
periods (0.1-4 colonies per cubic meter), but no surface
blooms were recorded. In spring, different puff-shaped colony
morphotypes of Trichodesmium thiebautii (Koedooder et al.
2022) were prepared for analysis immediately upon collection
to examine in situ changes in elemental composition (Table 1;
Supporting Information Section 1). In autumn, colonies were
incubated for up to 8 d under semi-natural conditions to track
their nutrient uptake dynamics and investigate active contact-
dependent dust dissolution.

We collected the colonies offshore from 10 to 20 m
depths using a 100 ym phytoplankton net towed from a
motor boat at slow speed (0.5 knots). We immediately
diluted the net concentrate into ~ 10 L surface seawater to
alleviate stress. In the lab, we handpicked the colonies
using Pasteur pipettes or plastic droppers and suspended
them in Petri dishes containing 0.22 ym sterile-filtered
fresh seawater (FSW). We separated different colony mor-
photypes and washed them thrice by transferring them
into new Petri dishes with FSW under a stereoscope. We
then distributed the washed colonies, one by one, on
acid-washed polycarbonate filter membranes (5 ym pore
size). Excess seawater was adsorbed by a tissue paper
placed beneath the filter membrane to minimize NaCl pre-
cipitation on the filaments. We put the filter in an acid-
cleaned Petri dish to avoid contamination with dust and
particles and quickly dipped it into liquid nitrogen. Prior
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to transfer to the wpXRF, all frozen filters were further
freeze-dried.

Incubation experiments

Incubations were performed in autumn 2021, probing for
the effect of changing nutrient fluxes and dust addition on
the colony elemental composition. Colonies were collected
and treated as explained above and then suspended for
incubations in 125 mL acid-cleaned Nalgene bottles filled
with FSW. The bottles were hung under the Interuniversity
Institute for Marine Sciences pier at 1-2m depth. This
allowed colonies to maintain their circadian cycle and
remain at ambient temperature with some turbulence.
These conditions were carefully chosen following multiple
unsuccessful trials to keep natural Trichodesmium colonies
intact for longer than a day.

Four different incubations, varying in length and treat-
ments, were designed to capture the time window and con-
ditions that yield measurable changes in intracellular
elemental composition (quota). The 1% incubation lasted 2 d
and included four treatments: FSW, +P (10 uM KH,PO,), and
+dust (2 mg L™') added within a dialysis bag (to prevent con-
tact with the colonies) or in suspension. This incubation was
sampled after 24 and 48 h (Table 1). The 2"® week-long incu-
bation included two treatments: FSW and deferoxamine B
(DFB, 1 uM), a strong Fe chelator that, when added in excess,
was shown to diminish Fe uptake (Rubin et al. 2011). The 3rd
experiment included a week-long incubation in FSW or DFB
to induce P/Fe-limitation, followed by a day-long incubation
with dust (2mgL™") (Table 1). In the 4™ incubation, tuft-
shaped Trichodesmium erythraeum colonies were maintained
for a week in FSW, +P (10 uM KH,PO,), and P + DFB (10 uM,
1 uM, respectively). The physiological state of the colonies,
indicated by the colony form, color, and position in the bot-
tle, was examined daily.

Table 1. An overview of the study, detailing collection periods, Trichodesmium species and morphotypes, number of analyzed colonies,

and incubation duration and treatments.

Treatment
Dust Duration

Date Data type Species and morphotypes Colony # FSW DFB P Suspension Dialysisbag (days)
Autumn 2021 Incubation #1  Trichodesmium thiebautii puffs 30 \ \Y \ \% \% 2
Incubation #2  T. thiebautii puffs 10 \ \ 7
Incubation #3  T. thiebautii puffs 20 \ \% \ 8
Incubation #4  Trichodesmium erythraeum tufts 20 \ \% \ \ 7
Spring 2021 In situ T. thiebautii thin puffs 11 V* 0
T. thiebautii dense puffs 9 V* 0
T. thiebautii amoebae-containing puffs 7 V* 0

*Colonies were washed three times in filtered seawater (FSW) before freezing.
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Dust collection and characterization

Desert dust was collected at the northern Gulf of Aqaba at
the Interuniversity Institute of Marine Sciences in Eilat, Israel.
This dust originates from the Sahara and the Arabian Penin-
sula, and it is considered a significant source of mineral par-
ticles to the surface water of the Gulf (Torfstein et al. 2017).
A bulk dust sample was collected over several weeks using a
static plastic, polyvinyl chloride aerosol collector, posi-
tioned horizontally to facilitate settling. It was sieved
through a 200 ym mesh to remove fibers and large particles,
and then stored in a desiccator (Visser et al. 2025). The pri-
mary minerals in the dust were silicates (quartz and alumi-
nosilicates), accounting for half of the dust mass, followed
by carbonates (~ 40%) and evaporites (10%). The dust’s
total Fe content estimated by extraction was 3.5% (~ 600
umole Fe g~! dust), while its total P content was only 0.1-
0.2% (40-70 umole P g~! dust) (Kessler et al. 2020a, 2020b).

Elemental analysis in benchtop uXRF
Instrument

X-ray fluorescence images were collected at 16 ym resolu-
tion (beam size), 4x oversampling (4 yum) and 750-1100 ms
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integration time per pixel with a customized benchtop uXRF
BRUKER M4 TORNADO (Bruker Nano GmbH) as described in
(Mijovilovich et al. 2020) and the Supporting Information.
Polycarbonate filters with freeze-dried colonies (see above)
were mounted on top of an acid-washed hollow 10-cm side
cubic polycarbonate box to reduce photon scattering, with a
printer foil supporting the membrane (details in Colussi
et al. 2024).

Image analysis

Elemental images were analyzed, separating the background
from the colony, selecting different colony regions, and mas-
king abiotic particles. Automatic selection was not possible due
to the colonies’ low signals. The colony’s borders were drawn
manually using Image]J/Fiji on the pictures taken from a stereo-
microscope before the uXRF analysis (Fig. 1). These contours
were then applied to the elemental maps (mainly Cl and/or K
maps, due to a higher signal/background ratio) and rotated/
resized to fit these lower-resolution images. Dust particles were
selected from the elemental images based on their round regular
shape, their high signal that was far exceeding that of the bio-
logical material, and their “unique” elemental composition that

Elemental maps of a dust-rich Trichodesmium colony

Colony borders pre-masking
(on P map)

Plotted on a stereoscope image
and adjusted using Cl, K, Br maps

Detected based on shapes and
signals in Ca, Mn, Zn & Cu maps

Applied to all elements

Fig. 1. Schematic representation of the image analysis procedure we conducted on all 106 Trichodesmium colonies analyzed by micro-x-ray fluorescence
(uXRF). Several elemental maps of a dust-rich puff-shaped Trichodesmium thiebautii colony are shown in the upper panel, based on which we identified
the dust particles. On the lower panel, we demonstrate the colony border selection and the masking of dust particles.
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made them visible in only a few elemental maps (mainly Ni, Zn,
Fe, Mn, e.g., Fig. 1). Unlike light microscopy, uXRF can detect
particles smaller than the instrument beam size (16 ym), as long
as their concentrations exceed the detection limit, as is often
the case for Fe-rich particles. The signals from these particles
were then subtracted from the regions belonging to the colony.
Average areal counts (or concentrations) were calculated by
image analysis software (Image]J/Fiji) for the entire colony and
selected regions (Supporting Information Section 3.5).

Calibration with a thin reference

Since the colonies are much thinner than typical XRF calibra-
tion foils (~ 10 pym vs. 200-400 pxm), we prepared two sets of very
slim references from a certified soybean standard and laboratory-
grown Trichodesmium. Standard preparation and calibration pro-
cedures are described in detail in the Supporting Information
(Section 3.2). The Trichodesmium reference was quantified in
both XRF and inductively coupled plasma mass spectrometer
(ICP-MS), yielding comparable Fe/P ratios; therefore, validating
the calibration with the thin soybean reference (Supporting
Information Table S2). Based on the soybean reference, Ca, Fe,
and P were converted from counts per second to ppm. Chlorine
and nickel were not detectable in the soybean reference, and
their response factors were calculated theoretically (Supporting
Information Section 3.3).

Quantification and normalization

Due to the overlap of the trichomes in the colonies, their bio-
mass cannot be determined properly. We addressed this issue by
dividing the element of interest by an element with a relatively
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homogeneous distribution that would mimic the biomass to
achieve a “biomass normalization”. We find that the ubiquitous
and intense chlorine (Cl) signal can be used to account for the bio-
mass, despite also being a major constituent of seawater. In our
uXRF maps of freeze-dried samples, we observed that Cl forms a
thin layer on the trichomes, with a linear dependence on the num-
ber of overlapping trichomes, as detailed in the Supporting Infor-
mation (Section 3.4). However, since the choice of the normalizer
element is not trivial, we also normalized against additional ele-
ments, such as S, K, and Ca, to compare the results.

Results

Overview

In this study, we utilized a benchtop uXRF to probe
whether natural Trichodesmium colonies can actively mine
dust for nutrients through contact-dependent dust dissolu-
tion. We conducted our study in the dust-impacted Red Sea,
combining in situ colony collection and semi-controlled incu-
bation experiments (Table 1). Through multiple iterations, we
streamlined our sampling and incubation strategies, sample
preparation, and analytical procedures, obtaining multiple ele-
mental maps for 106 individual colonies. We carefully ana-
lyzed these images to mask dust particles, thereby quantifying
the chemical composition of the colonies and the spatial dis-
tribution of elements between the colony core and periphery.

Elemental maps and dataset characteristics
In Fig. 2, we show xXRF images from the most common
morphotypes and treatments. The best-detected elements,

Incubated colonies
Fresh
colonies

¥ ol SRS o 3

* IH.--.I
i« EIESES
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- RIRIEIEJEEIRS

- AR WA
y RN IS

Fig. 2. Images and micro-x-ray fluorescence (uXRF) elemental maps of the common Red Sea Trichodesmium thiebautii morphotypes freshly collected
(i.e., in situ) or incubated with dust and nutrients for up to a week (i.e., incubations). Many images contain Fe and Ca-rich dust particles that were
masked before calculating the elemental composition of the colony (see “Methods” section).
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which generated clear maps of the entire colony, were chlo-
rine (Cl), potassium (K), bromine (Br), iron (Fe), arsenic (As),
and phosphorus (P). Calcium (Ca) and sulfur (S) had lower
signal-to-background ratios but were still mapped along the
colony shape (Fig. 2; Supporting Information Fig. S6). Addi-
tional elements, including copper (Cu), manganese (Mn), zinc
(Zn), and nickel (Ni), were visible only in some colony cores
(Supporting Information Fig. S6). Compared to a synchrotron
beamline with a tunable monochromatic light source, bench-
top uXRF using a Rh tube has lower sensitivity, particularly for
light elements. Still, its relative accessibility enabled us to
obtain a considerable sample size of 106 Trichodesmium colo-
nies, for which it would be very unlikely to receive sufficient
synchrotron beam time. This rich dataset provides insights
into the elemental composition and distribution of single
Trichodesmium colonies, as well as their response to external
nutrient fluxes.

The selected sample preparation with initial freezing in
liquid nitrogen, followed by freeze drying, resulted in good pres-
ervation of the intricate colony structure (Fig. 2). It also prevented
the redistribution of dissolved elements, unavoidable when using
chemical fixation, and hence our sample preparation enabled rig-
orous comparison of colonies analyzed over 2 years. This is espe-
cially true for elements that tend to leak from cells, with K being
the most easily lost, as it forms no covalent bonds and only weak
complexes (van der Ent et al. 2018).

Due to the two-dimensional nature of the yXRF method,
obtaining absolute elemental concentrations of colonies with
overlapping trichomes is hard. Nonetheless, the xXRF method
offers invaluable advantages for inter-colony comparisons,
which are key for understanding their response to the dynamic
nutrient regimes in the ocean and our incubations. As shown
clearly by the images in Fig. 2, Trichodesmium colonies differed
markedly in size, filament arrangement, and filament number,
which complicates the comparison among colonies. Here, how-
ever, we could obtain accurate inter-colony comparisons by
using elemental ratios, with the denominator element serving
to normalize for biomass. Image-based analytical techniques
often utilize elemental ratios to correct for steric effects, size, or
biomass differences (Nuester et al. 2012); hence, the data we
present next are expressed as elemental ratios rather than con-
centrations or counts.

Most of the colonies contained particles that could skew
the quantification of their elemental composition (Fig. 2).
However, these particles are easily recognized by their distinct
shapes and high signals compared to those of the colony
(e.g., very high Ni, Zn, Fe, Mn, and Ca). Such particles were
carefully examined in different elemental maps, selected, and
excluded from the whole colony elemental signal or concen-
tration (Fig. 1; Supporting Information Section 3.5).

Spatial distribution within colonies
We examined the spatial distribution of elements within
colonies by sectioning the colony images into core and
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periphery zones. Accounting for biomass differences, we calcu-
lated elemental ratios and divided the elemental ratios of
the core by those of the periphery. This way, elements
enriched in the colony core appear as > 1, while elements
depleted in the colony core appear as <1 (Fig. 3). We per-
formed the analysis on colonies from all treatments using
multiple elements in the denominator (Cl, Br, K, S). We
excluded elongated tufts and amoebae-containing colonies
from the analysis. The observed patterns were shared by
most colonies, regardless of their incubation treatment, and
were denominator-independent (Fig. 3). Calcium was
evenly distributed throughout the colony, yielding core/
periphery ratios close to 1. As, probably in the form of arse-
nate, was somewhat depleted in the colony center (20%
depletion). Iron was strongly enriched (50-80%) in the col-
ony center, and so were Ni and Mn (Supporting Informa-
tion Table S3; Fig. S7). The degree of center enrichment
varied among colonies, but it persisted in 80-90% of the
tested colonies. Phosphorus was also enriched in the core,
but to a lesser degree and not in all colonies (Fig. 3;
Supporting Information Table S3). Regardless of their bio-
logical implications, analytically, the even distribution of
calcium, a major dust component, supports the robustness
of the dust masking approach.

Composition of different morphotypes and species

Our dataset included in situ collected T. thiebautii puffs
(thin, dense, and amoebae-containing morphotypes), incu-
bated T. thiebautii puffs (normal morphotype), and T.
erythraeum tufts (Table 1; Fig. 2). Excluding nutrient-amended
colonies, this dataset consists of ~ 50 colonies. Comparing
many different elemental ratios (e.g., Fe/P, Mn/Cl, Ca/K), we
found a relatively homogeneous composition among colonies
of different morphotypes and species (Supporting Information
Figs. S8, S9).

Amoebae-containing colonies appeared as notable excep-
tions, displaying elevated Ca and S and depleted As in the col-
ony core where the associated amoebae were located. These
visible patterns (Fig. 2) were also reflected in elemental ratios
using multiple elements in the denominator (Cl, Br, K). These
changes are likely attributed to the distinct elemental compo-
sition of the associated amoebae compared to Trichodesmium
cells. Our recent study identified these amoebae as belonging
to the genus Trichosphaerium (30 ym in diameter), character-
ized by a calcified shell, and further observed that a single col-
ony can harbor over 40 such amoebae (Zhang et al. 2024).
Since we did not mask the amoebae, their presence at high
densities in some colonies strongly impacted their elemental
composition. Colonies containing fewer amoebae had a simi-
lar composition as other amoebae-free colonies. Several dis-
tinct features of specific colony types, such as elevated Zn in
thin colonies and depleted As in tufts, were also identified
(Fig. 2; Supporting Information Figs. S8, S9).
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Fig. 3. The spatial distribution of elements within colonies presented as: (a) Elemental ratios of the core/periphery from the entire dataset, and (b) Ele-
mental ratio maps of a representative colony. In both panels, we utilized several elements (Cl, K, Br, S) as biomass normalizers to account for differences
in biomass between the core and periphery. In (a), we further divided the element ratios of the core by those of the periphery, to facilitate comparison
between the regions. As a result, core-enriched elements appear as > 1, core-depleted elements as < 1, and evenly distributed elements as 1. In (b), we

show a relative color scale (as values differ between elemental ratios).

Effect of dust and nutrient addition on colony Fe quotas
Due to the complex colony structure with overlapping tri-
chomes, whole colony Fe quotas can only be expressed as ele-
mental ratios. Previous XRF-based studies of Trichodesmium
utilized P and S as biomass normalizers (Nuester et al. 2012,
2014). Given our interest in P and sulfur’s relatively low
signal-to-background ratio, we chose Cl as a biomass

normalizer (see Supporting Information regarding NaCl precip-
itation). Having excluded the Fe signal of dust particles
through image analysis, the Fe/Cl ratios reflect the colony Fe
composition, referred to as Fe quota.

We examined changes in the Fe quota (Fe/Cl ratio) for the
entire dataset, which comprises ~ 100 colonies (excluding col-
onies containing amoebae). In situ colonies had comparable
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Fe quotas across morphologies, which also matched the incu-
bation control (Fig. 4). Iron quotas did not decrease during 24-
and 48-h incubations in FSW and remained unchanged even
during 7- and 8-d incubations (Fig. 4, FSW). Incubations with
DFB, added in excess to induce Fe-limitation by complexing
the dissolved Fe and making it less available for uptake by the
colonies (Lis and Shaked 2009), had only a minor impact. I[ron
quotas, expressed as Fe/Cl, remained unchanged during incu-
bations with DFB (Fig. 4a, DFB), but when expressed as Fe/S, a
slight drop was observed (Fig. 4b, DFB). The addition of dust
in suspension, allowing interactions with the colonies, mark-
edly increased the Fe quota. The response to dust was highly
variable, with some colonies only doubling their Fe quotas,
while others increased them by 10-20 fold (Fig. 4, Dust).

In contrast, Fe quotas of colonies incubated with dust placed
in a dialysis bag remained unchanged (Fig. 4, [Dust]). Dust con-
centrations were similar in both treatments (2 mg L™Y), but the
dialysis bag prevented interactions between the colony and the
dust minerals. These data, thus, clearly show that cell-mineral
contact is key to Fe uptake from dust. Overall, we observed sim-
ilar trends when using S or Ca as biomass normalizers (Fig. 4b),
except for the incubations with DFB. Intriguingly, colonies
incubated with PO3~ markedly increased their Fe quota (Fig. 4,
P). The increase in Fe quota due to PO  addition varied
among colonies, possibly due to differences in incubation con-
ditions or the initial nutrient status of the colonies.

Effect of dust and nutrient addition on colony P quotas
Next, we explore the colonies’ P quotas expressed as P/Cl
ratios for the same set of ~ 100 in situ and incubated colonies.
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Nutrient uptake by single Trichodesmium colonies

We first examine the short incubation #1 (November 23-24),
which was sampled after 1 and 2 d and could thus inform the
timing of changes in P quotas. In most treatments, P quotas
changed markedly between the 1 and 2" day, indicative of a
rapid response to nutrient addition or removal (Fig. 5a). The
colony’s P quotas dropped between days when incubated in
FSW (Fig. 5a), probably due to a depletion of P supply in the
seawater. P quotas significantly increased with phosphate
addition (10 pM), with up to a three-fold increase (Fig. 5a, P).
The change in the P quotas was gradual and became more pro-
nounced by the 2"¢ day. The P quotas remained unchanged in
incubations with suspended dust (Fig. 5a, Dust). Dust added
within a dialysis bag slightly increased P quotas (Fig. Sa,
[Dust]). This finding remains enigmatic since we analyzed this
treatment only on the 1°* day.

Finally, we combined all incubations to gain a broader
understanding of the P quota dynamics (Fig. 5b). We observed
similar patterns in the combined dataset, with a marked
increase in P quotas following P addition (Fig. Sb, P). The low-
est P quotas occurred in incubations with FSW (Fig. S5b). These
quotas were comparable among short and long incubations
and lower than those of in situ colonies. Dust and the Fe-
chelator DFB did not affect P quotas (Fig. Sb, Dust, DFB).

Inter-colony variability in P and Fe quota

Lastly, we query this large dataset for inter-colony variabil-
ity in Fe and P quotas and compare it to other single-colony
measures. We examine the inter-colony variation in P quotas
by calculating the coefficient of variation (CV) for each
treatment (calculated as standard deviation/mean, 0.13-0.35;

(b) In situ Incubations
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Fig. 4. Iron quotas of ~ 100 Red Sea Trichodesmium colonies freshly collected (in situ) or incubated for up to a week in filtered seawater (FSW) and with
additions of a strong Fe-chelator (deferoxamine B, DFB), dust in suspension (Dust) or in a dialysis bag ([Dust]), and phosphate (P). The colony Fe quotas

are expressed as ratios, using Cl (a) and S (b) as biomass normalizers.
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Fig. 5. Phosphorus quotas of ~ 100 Red Sea Trichodesmium colonies freshly collected (in situ) or incubated for up to a week with nutrients and dust.
The colony P quotas are expressed as P/Cl. (a) Colonies collected after 1 d (D1) and 2 d (D2) of incubation # 1 (November 23-24, see Table 1) show
rapid changes in their P quotas. Treatments include filtered seawater (FSW), dust in suspension (Dust) or in a dialysis bag ([Dust]), and phosphate (P). (b)
Summary of P quotas of colonies from all four incubations, with treatments as described in Fig. 4 and Table 1.

Supporting Information Table S4). The same analysis for Fe
quotas yielded a higher coefficient of variation (0.3-1;
Supporting Information Table S4). We further visualize this
scatter by normalizing the quotas by the maximal value of
each treatment, yielding a 0-1 scale, where homogenous
values cluster closer to 1 (Fig. 6). The homogeneity in P quotas
is apparent from the high ratios shown in Fig. 6b, which are
typically above 0.6 (i.e., less than 1.5-fold change from the
maximal quota in each set). In contrast, Fe quotas are hetero-
geneous, with 40% of the values below 0.3 (i.e., above 3-fold
change from the maximal quota in each set, Fig. 6a).

To further contextualize this finding, we compared the
scatter in P quotas with that of single-colony alkaline
phosphatase activity (APA), measured in the same spring
season of 2021. These APA measurements were obtained
weekly on ~ 10 freshly collected colonies, as described by
Wang (2023). Phosphorus limitation by phytoplankton
cells is commonly assessed through APA, which is regulated
by their intercellular P concentrations (Stihl et al. 2001;
Shaked et al. 2006; Dyhrman 2016). Indeed, high APA was
frequently detected in Trichodesmium filaments and colo-
nies from many ocean regions (including the Gulf of Aqaba)
and was linked to DP-stress or P-limitation (Dyhrman
et al. 2002; Van Mooy et al. 2012). Here, we focus on inter-
colony variability in APA, which yielded a high coefficient
of variation (0.32-0.96; Supporting Information Table S4).
We also visualized the heterogeneity in APA using the same
approach applied to the quotas. The resulting ratios, shown
in Fig. 6¢, were highly scattered and typically lower than

0.5. Plotting these two related P features in Fig. 6 further
highlighted the homogeneity of P quotas in contrast to the
heterogeneity of APA. These patterns may reflect the differ-
ent time scales of these two parameters: APA represents real-
time activity, while P quota represents a relatively long-
term accumulation.

Discussion

Summary and overview

Previous studies using ICP-MS and synchrotron XRF have
quantified the elemental composition of natural Trichodesmium
colonies (Berman-Frank et al. 2001; Safiudo-Wilhelmy et al.
2001; Tovar-Sanchez et al. 2006; Chen et al. 2011; Nuester
et al. 2012, 2014). Rather than reproducing these studies, we
aimed here to characterize the compositional heterogeneity of
natural colonies in the dust-impacted Red Sea environment
and their response to external nutrient fluxes and dust avail-
ability. Expecting considerable heterogeneity in composition
among colonies differing in morphology, size, filament num-
bers, and life history, we selected a benchtop uXRF as a bal-
ance between sensitivity and accessibility (Supporting
Information Table S1). Another key goal of this research was
to track Trichodesmium’s ability to dissolve dust by following
intracellular nutrient uptake. To achieve this goal, we had to
account for the presence of dust on the colonies that can skew
their intracellular composition (quotas). By analyzing uXRF
images of multiple elements, we identified the dust particles
and masked them from the colony quotas. We center our
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Fig. 6. Visualization of inter-colony variability obtained for single colony measurements of (a) iron quotas, (b) phosphorus quotas, and (c) alkaline phos-
phatase activity. To facilitate comparison between these datasets, values collected in each treatment or day were normalized to the highest value in this
set, resulting in a 0-1 scale. Single colony measures closer to one represent homogeneity, whereas values closer to zero represent heterogeneity.

discussion on the key nutrients Fe and P, for which we
obtained high uXRF signals. To facilitate the discussion, we
provide a graphical summary of our main findings in Fig. 7.

Contact-dependent iron uptake from dust

One of the significant findings of this study is the marked
increase in Fe quotas (expressed as Fe/Cl or Fe/S) upon
colony-dust contact (Fig. 4). This increase, indicative of Fe
uptake, occurred in incubations where we observed interac-
tions between colonies and dust. The contact-dependent Fe
uptake from dust was highly variable, with some colonies
barely increasing their Fe quotas while others reached up to a
30-fold increase. These inter-colony variations in Fe uptake
highlight the stochastic nature of dust as an iron source for
Trichodesmium. In contrast, Fe quotas remained unchanged
when we prevented colony—-dust interactions by placing the
dust in a dialysis bag. The lack of Fe uptake in the dialysis bag
incubations is expected, given the low solubility of this dust
(Kessler et al. 2020Db).

Our findings on the essential role of cell-dust contact for Fe
acquisition from dust align with those of Rubin et al. (2011),
who reported that the physical separation of synthetic
radio-labeled ferrihydrite from Trichodesmium colonies
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prevented Fe uptake. It also aligns with studies on natural or
cultured Trichodesmium, which show differential gene expres-
sion or protein synthesis upon cell-dust contact (Held
et al. 2021; Langlois et al. 2012; Polyviou et al. 2018). Several
pathways have been proposed to facilitate the dissolution of
Fe minerals by Trichodesmium, including reductive dissolution,
siderophore-mediated dissolution, and superoxide-mediated
dissolution (Rubin et al. 2011; Basu and Shaked 2018; Kessler
et al. 2020b; Shaked et al., 2023, 2024; Romanowicz et al.
2024). Some of these pathways involve soluble reactants
(Hansel et al. 2016; Gledhill et al. 2019), while others are
strictly ~ contact-dependent, involving membrane-bound
enzymes or short-range electron transfer (Gralnick and New-
man 2007). Regardless of the employed pathways, the physi-
cal confinement of the dust among the many trichomes in
the colony core is key to both dissolution and uptake, as it
minimizes diffusion distances of dissolved Fe to the cell sur-
face and thus reduces diffusive losses (Basu and Shaked 2018;
Basu et al. 2019; Eichner et al. 2020).

Phosphorus nutrition and dynamics
In contrast to Fe, the colony’s P quotas did not increase
after dust incubation (Fig. 5), suggesting that the tested dust
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Fig. 7. Schematic summary of the distinct patterns of Fe and P quotas observed for in situ (a) and incubated (b) Red Sea Trichodesmium colonies. (a)
Colonies collected over an entire season had homogeneous P quotas, but heterogeneous Fe quotas. (b) Phosphorus quotas responded rapidly to dis-
solved P addition or removal, but not to dust. Iron quotas remained unchanged when dust was present in a dialysis bag, but increased upon contact with
dust, indicating active dissolution and uptake from dust. Dissolved Fe complexation with deferoxamine B (DFB) did not alter Fe quotas. P addition, in
contrast, increased Fe quotas. Combined, our findings suggest that natural colonies obtain P from the dissolved phase, while Fe is acquired from the par-
ticulate phase, through contact-dependent active dissolution.

was not a good P source for Trichodesmium. This is not surpris- limitation, we compared the Fe/P ratios we obtained for single
ing, as Trichodesmium requires 10-100 times more P than Fe, non-overlapping filaments with those of P-limited Atlantic
while dust contains 10-100 times less P than Fe (Safiudo- colonies. Our values varied between 30 and 60 mmol

Wilhelmy et al. 2001; Mackie et al. 2006; Anderson et al. Fe mol~! P and were comparable to those reported by (Nuester
2010). Nonetheless, some of the dust-P is readily exchangeable et al. 2012) and (Tovar-Sanchez et al. 2006) (Supporting Infor-
(Stockdale et al. 2016), and P-related physiological responses mation Table S2). Additional studies also reported P-limitation
to low-level dust addition have been reported in Atlantic or of Red Sea colonies based on enzymatic activity and P-stress
Red Sea natural colonies, including elevated N,-fixation rates markers (Stihl et al. 2001; Mackey et al. 2007; Wang
and downregulation of the P-stress marker genes (Mills et al. 2022b).

et al. 2004; Wang, et al. 2022a). Moreovetr, in a parallel study, Adding readily available P (10 uM POy) resulted in a rapid
similar dust incubations resulted in a decline in APA of single and significant increase in P quotas in most colonies (Fig. 5).
colonies, indicating alleviation of P-stress (Wang 2023). Con- Interestingly, P addition led to an apparent increase in Fe

sidering the dust concentration (2 mg LY, its P content quotas in all incubations (Fig. 4). Since the incubated colonies
(70 umol P g~ ! dust; Stockdale et al. 2016), and 10-20% solu- were likely P-limited, these data may indicate that alleviation
bility (Bonnet and Guieu 2004), we calculated a release of of P-limitation favors Fe uptake. The complex relationships
~ 10 nM POy, to the incubation bottle that contained 10-20 between Fe and P uptake and various metabolic activities
colonies. It is possible that the colonies acquired this P, but it under Fe- and/or P-limitation and co-limitation have been
was too low to detect, or that it was lost by binding to the intensively studied (Walworth et al. 2016; Tzubari et al. 2018;
container walls. Held et al. 2020; Cerdan-Garcia et al. 2022). Fewer studies
While dust did not impact P quotas, P-limitation, and/or examined the impact of P (or Fe) limitation on the elemental
addition of soluble P rapidly altered them (Fig. 5a). As indi- stoichiometry of Trichodesmium (White et al. 2006; Nuester
cated by the P-stress biomarker in our previous study (Wang, et al. 2012; Wang, et al. 2022b; Wang et al. 2024). However,
et al. 2022a), maintaining fresh colonies in FSW (with a back- we did not find research testing the impact of P addition
ground soluble P concentration of ~ 30 nM) gradually intensi- (i.e., relieving P-limitation) on Fe uptake. A dedicated study is
fied P-limitation as the colony community grew, thereby needed to examine whether P-limitation can impair Fe uptake
potentially reducing the colonies’ P quotas. Indeed, a drop in and potentially induce Fe-limitation.
P quotas occurred within a day of incubation in FSW. Phos-
phorus quotas dropped further the next day, remaining con- Spatial distribution within colonies
stant and low in all other 7- to 8-d incubations. Incubated Comparing element distribution in the core and periphery
colonies had lower P quotas than in situ colonies, possibly of the colonies, we found that Fe, Mn, Ni, and P are core-
reflecting seasonal variations in P-limitation between spring enriched, As is core-depleted, and Ca is evenly distributed

(in situ) colonies and autumn (incubated) colonies. Alterna- (Fig. 2; Supporting Information Table S3). In a previous study,

tively, the incubation process itself may have induced P-limi- we investigated the spatial distribution of Fe uptake from min-

tation. To further examine whether these quotas reflect P- erals (*°Ferrihydrite) by natural colonies (Basu et al. 2019). We
11
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overlapped 2D *°Fe signals on colony images and observed a
preferential >°Fe accumulation in the colony center. In the
context of active mineral centering and dissolution by the col-
onies, we suggested that these patterns reflect the proximity
of filaments to minerals, the accumulation of reactants
(e.g., siderophores), and a reduced loss of dissolved Fe (Qiu
et al. 2022; Eichner et al. 2023). Hence, the core enrichments
of Fe and Mn, which are abundant in dust, align with our pre-
vious studies. Nonetheless, Ni and P, less abundant dust ele-
ments, were also core-enriched. Moreover, this pattern was
observed in colonies from all treatments, including unmasked
colonies (i.e., no dust identified) and those subjected to week-
long incubations in FSW (i.e., low particle load). These pat-
terns, thus, probably reflect inherent colony features rather
than localized nutrient “mining” from dust particles in the
colony center.

The core enrichment of Fe, Mn, Ni, and P may result from
differential allocation within each filament, but is more likely
to reflect the presence of other microorganisms and organic
matter. The amoebae-containing colonies provide a visual
example of the effect of core-centered microorganisms on Ca
and S distribution patterns (Fig. 2). Although we excluded the
amoebae-containing colonies from the spatial analysis (Fig. 3),
other microorganisms, such as bacteria and phytoplankton,
may contribute to the elemental signal in the core. The physi-
cally complex colony core often contains secreted polysaccha-
rides (and other macromolecules) that may retain cell debris,
tiny particles, and bacteria (Steinberg et al. 2004; Bif
et al. 2019; Kessler et al. 2020a, 2020b). Further research with
higher-resolution synchrotron imaging is required to test
whether elements are differentially allocated across the
filaments.

Inter-colony variability in P and Fe quota

Substantial heterogeneity was reported for the large and
complex Trichodesmium colonies in multiple measures, includ-
ing metabolic rates, protein expression patterns, and interac-
tions with particles (Eichner et al. 2017, 2019, 2020; Held
et al. 2021; Wang, et al. 2022a; Shaked et al. 2023; Roman-
owicz et al. 2024). Indeed, single-colony APA measured in the
same spring was also highly heterogeneous (Fig. 6¢), likely
reflecting the temporal dynamics of the rapidly changing
activity of these enzymes. In contrast, the P quotas deter-
mined here were surprisingly homogeneous among in situ col-
onies from a specific morphotype and within the control
(FSW) treatments (Fig. 6b). Elemental quotas result from the
activity of many such enzymes over time and thus likely aver-
age out changes in nutrient supply and demand over the diur-
nal cycle and shorter time scales or over the colony’s lifetime.

Iron quotas in the same treatments were more heteroge-
neous than the P quotas (Fig. 6). The higher heterogeneity in
Fe quota may stem from variations in Fe nutrition in this
dust- and particle-impacted environment, where dust particles
in the water column represent hotspots of iron that occur in a

12

Nutrient uptake by single Trichodesmium colonies

more concentrated but sporadic form, as compared to a dis-
solved nutrient that is more evenly distributed in the water col-
umn. In such an environment, Trichodesmium colonies likely
impact Fe availability through dust solubilization, as shown in
Fig. 4. Consequently, Fe nutrition may change according to the
mineral-solubilizing  microbiome composition (Basu
et al. 2019; Koedooder et al. 2023) or physico-chemical con-
ditions in the colony microenvironment (including pH and
O,, which can both affect Fe availability to a limited extent
Eichner et al. 2019). The homogeneity in P quotas, on the
other hand, may reflect a more evenly distributed dissolved
P source. This dissolved pool likely comprises a diverse array
of inorganic and organic compounds, which Trichodesmium
and associated bacteria access through multiple specialized
pathways for phosphorus (P) acquisition (Orchard
et al. 2010; Van Mooy et al. 2012; Frischkorn et al. 2018).
These distinct nutritional modes can explain the frequent
occurrence of large-scale and prolonged Trichodesmium
blooms in coastal areas, which are rich in both suspended
Fe particles and river-borne organic P compounds
(Qi et al. 2023).

Summary

Applying a benchtop uXRF, we examined the elemental
composition of 106 natural Trichodesmium colonies collected
from the dust-impacted Gulf of Aqaba and incubated for up to
a week with dust and nutrients. Focusing on the Fe and P con-
tent of the colonies (i.e., quota), we identified distinct patterns
that likely reflect the different sources of these nutrients
(Figs. 4-7). Based on the in situ inter-colony variability and
the changes in quotas during incubations, it appears that
Trichodesmium obtains its Fe from dust (and particles), while P
is sourced from the dissolved phase. The significance of dis-
solved P for phosphorus nutrition was evident from the rapid
drop in P quotas during incubations in filtered seawater and
the homogeneity in P quotas among in situ colonies. Further-
more, P quotas increased during incubations with added dis-
solved P but remained unchanged when incubated with dust.

The significance of dust (and particles) for the colonies’
iron nutrition can be inferred from the lack of impact of DFB
on Fe quotas, an established treatment for inducing Fe limita-
tion by preventing dissolved Fe uptake. The ability to access
Fe from particles may explain this observation. Compared to P
quotas, in situ colonies had heterogeneous Fe quotas. We also
observed a substantial, yet highly variable, increase in Fe
quotas in incubations with dust. We thus postulate that this
heterogeneity reflects the stochastic nature of dust as an iron
source. Finally, colony-mineral interactions were identified as
critical for Fe uptake from dust, as Fe quotas remained
unchanged in incubations with dust in a dialysis bag. This
novel finding of contact-dependent Fe uptake from dust aligns
with multiple mechanistic studies documenting the role of
Trichodesmium and associated microbes in dissolving insoluble
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dust minerals, which may also explain the enrichment of the
colony core with Fe. The ability of Trichodesmium to actively
mine particles for Fe is of great ecological importance in
particle-rich coastal water and dust-impacted open-ocean
environments.
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