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Dust- and mineral-iron utilization by the marine
dinitrogen-fixer Trichodesmium
Maxim Rubin1,2, Ilana Berman-Frank1 and Yeala Shaked2,3*
Trichodesmium, a filamentous dinitrogen-fixing cyanobac-
terium, forms extensive blooms in nutrient-poor tropical and
subtropical ocean waters. These cyano-bacteria contribute sig-
nificantly to biological fixation of nitrogen from the atmosphere
in these waters, and thereby fuel primary production and
influence nutrient flow and the cycling of organic and inorganic
matter1,2. Trichodesmium blooms require large quantities of
iron, which is partly supplied by the influx of wind-blown dust3.
However, the processes and mechanisms associated with dust
acquisition are poorly understood3–6. Here, we incubate natural
populations and laboratory cultures of Trichodesmium with
isotopically labelled iron oxides and desert dust, to determine
how these cyanobacteria collect, process and use particulate
iron. We show that, like most phytoplankton, Trichodesmium
acquires only dissolved iron. However, unlike other studied
phytoplankton, Trichodesmium accelerates the rate of iron
dissolution from oxides and dust, through as yet unspecified
cell-surface processes, and thereby increases cellular iron up-
take rates. We show that natural puff (ball-shaped) colonies
of Trichodesmium are particularly effective at dissolving dust
and oxides, which we attribute to efficient dust trapping in
their intricate colony morphology, followed by active shut-
tling and packaging of the dust within the colony core. We
suggest that colony formation in Trichodesmium is an adap-
tive strategy that enhances iron acquisition from particulate
sources such as dust.

The extensive surface blooms of Trichodesmium, easily observed
by satellite in the subtropical and tropical oligotrophic oceans,
have piqued the curiosity of many scientists as early as Darwin7.
Trichodesmium blooms comprise tuft- and puff-shaped colonies
composed of tens to thousands of individual filaments (trichomes)
as well as single, free-floating, trichomes8. Colony formation
in phytoplankton may increase buoyancy and facilitate vertical
migration, decrease grazing, and allow for the development
of differentiated cells such as akinetes and heterocysts9,10. The
formation of puff and tuft colonies has also been speculated to
enable Trichodesmium to lower the oxygen concentrations in the
centre of the colony and thereby alleviate the inhibitory effect
of oxygen on N2 fixation11. However, the large colony size also
imposes a strong limitation on dissolved nutrient acquisition. To
overcome its size-dependent diffusion limitation with regards to
dissolved iron12, it has been suggested that Trichodesmium uses
aeolian dust as an additional source of iron13,14. Indeed, dust inputs
to the surface ocean have been correlated with Trichodesmium
abundance and elevated N2 fixation rates15–17. Nonetheless, the
mechanisms and rates by which Trichodesmium acquire iron
from aeolian dust are poorly defined at present, hindering the
modelling and prediction of Trichodesmium’s response to changes
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Figure 1 | Iron acquisition by Trichodesmium IMS101 from 40 nM
55ferrihydrite. Prevention of mineral adsorption on the cells (blue bar) and
complexation of Fe′ with DFB in a non-bioavailable form (yellow bar)
resulted in no (or substantially slower) uptake. These data rule out direct
acquisition of mineral iron and indicate that dissolution on the cells rather
than in the bulk medium is a prerequisite for uptake. Error bars represent
1 s.e.m. of a four-point regression slope. Asterisks indicate statistically
different groupings.

in dust fluxes and sources, and its subsequent influence on
ocean biogeochemistry.

To determine the bioavailability of mineral iron to
Trichodesmium we examined two fundamental questions. First,
which physico-chemical species of iron are used byTrichodesmium’s
uptake systems? Second, can Trichodesmium actively promote iron
oxide and dust dissolution and generate bioavailable iron species?

Microscopic observations identified no direct internalization of
particulate iron by either natural Trichodesmium populations or
laboratory cultures, consistent with observations in most studied
marine phytoplankton13,18. These observations were confirmed by
monitoring the uptake of iron from radiolabelled 55Fe oxides
(amorphous ferrihydrite) by Trichodesmium IMS101 (Fig. 1). In
these experiments, a finite concentration of dissolved inorganic
iron species (Fe′) was maintained in association with the chemically
labile ferrihydrite. Thus, to probe for direct acquisition of mineral
iron we complexed Fe′ with the strong chelator desferrioxamine B
(DFB), converting it into a non-bioavailable form, which resulted
in a shutdown of iron uptake (Fig. 1). This result ruled out direct
acquisition of particulate iron and indicated that dissolution of
solid phase iron is a prerequisite for its uptake by Trichodesmium.
Nonetheless, on mineral dissolution, Fe′ may alternatively undergo
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Figure 2 | Active enhancement of ferrihydrite and dust dissolution by Trichodesmium. a,b, Ferrihydrite (a) and dust (b) dissolution in the absence and
presence of natural Trichodesmium puffs. The biotically enhanced dissolution is the calculated difference in dissolved iron concentrations with and without
Trichodesmium. c, Biotic dissolution of dust by natural Trichodesmium puffs in three separate experiments (colour coded). d, Rates of ferrihydrite and dust
dissolution by cultured and natural Trichodesmium normalized to trichome density. e, Ferrihydrite dissolution rate in Fe-free medium with and without
Trichodesmium IMS101 and in supernatant inoculated with cells for 1, 3 and 24 h before the experiment. f, Effect of Trichodesmium density on ferrihydrite
dissolution (see Supplementary Information for details).

precipitation or re-adsorption rather than uptake. These alternative
pathways may predominate especially if dissolution occurs in
the bulk medium far from the cells. To examine whether the
acquired iron originated from 55Fe oxides that were adsorbed on
the cells, we physically prevented mineral adsorption on the cells
(see Methods). This physical barrier to adsorption led to uptake
rates from 55Fe oxides that were an order of magnitude lower than
rates measured from a parallel treatment where most of the 55Fe
oxides were adsorbed onto the cells (Fig. 1 and Supplementary S1a).
We thus conclude that the bioavailability of dust or iron oxides to

Trichodesmium is essentially determined by the mechanisms and
rates of mineral dissolution on, or next to, the cells rather than
in the bulk medium.

Does Trichodesmium rely on the abiotic self-dissolution of Fe
minerals or is it capable of actively promoting their dissolution?We
experimentally addressed this question by comparing dissolution
rates in the presence and absence (abiotic) of Trichodesmium
with the difference between the two rates defined as the
biotic dissolution rate. Dissolution was measured in assays with
amorphous ferrihydrite or desert dust, and in the presence of

530 NATURE GEOSCIENCE | VOL 4 | AUGUST 2011 | www.nature.com/naturegeoscience

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/ngeo1181
http://www.nature.com/naturegeoscience


NATURE GEOSCIENCE DOI: 10.1038/NGEO1181 LETTERS
a b

c d

e f

Before 0.1 mm Before 0.1 mm

After 0.1 mm After 0.1 mm

0.1 mm 0.1 mm

Figure 3 | Micrographs of natural Trichodesmium colonies mixed with dust showing efficient dust retention and active centring of the dust in the colony
core. a,b, Natural puffs were highly efficient in retaining desert dust (5–100 µm particles). These pictures were taken subsequent to dust addition and
before its shuttling to the colony core. c,d, Desert dust that was actively centred in the core of natural puff colonies. These pictures were taken∼30 min
after the addition of dust to the colonies. e,f, Close-up on dust-loaded puff, showing the entrainment of the dust within the colony core.

DFB, which complexes all of the newly dissolved iron and prevents
its precipitation and uptake19,20 (Fig. 2). Natural Trichodesmium
spp. composed mostly of puff-shaped colonies significantly
enhanced iron dissolution rates from both ferrihydrite and dust
when compared with abiotic dissolution (Fig. 2a–c). In contrast,
laboratory cultures composed of individual trichomes could
enhance iron dissolution only from ferrihydrite but not from dust

(Fig. 2d–f).Moreover, per trichome, natural populationsweremore
effective in enhancing ferrihydrite dissolution rates when compared
with laboratory cultures (∼13-fold; Fig. 2d).

We also demonstrate that Trichodesmium mediates the mineral
dissolution through cell-surface processes (rather than bulk
medium reactions) by comparing the rates of dissolution in the
presence of cells with that of a cell-free supernatant (Fe-free
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Figure 4 | Active centring of ferrihydrite and dust by puff-shaped natural Trichodesmium colonies. a, Shifting of ferrihydrite (marked by a red circle) from
the colony periphery towards its centre (marked by an arrow) was achieved by filament movement towards and away from each other. This ferrihydrite
aggregate was displaced at a rate of 11± 1 µm min−1. b, Active centring of dust in motionless filaments mediated by yet undefined processes on the
filament surface. The dust particles were displaced towards the colony core at different rates, with the particle circled in red moving at 11± 1 µm min−1.

medium that had contained dense Trichodesmium cultures for
1, 3 and 24 h before their removal by filtering). Ferrihydrite
dissolution rates in the supernatant were similar or even slightly
lower than rates in fresh media with no cells (Fig. 2e). Subsequent
addition of live cells (with intact membranes) to the same medium
significantly enhanced the ferrihydrite dissolution rates (Fig. 2e).
Moreover, higher dissolution rates were observed at elevated cell
densities, further demonstrating the active role of the cells in
dissolving iron from the colloids (Fig. 2f and Supplementary S2).
To the best of our knowledge this is the first demonstration of
active dissolution by live Trichodesmium; elevated dust dissolution
has been documented in cell extracts (termed ‘pink stuff’)
from Trichodesmium13.

Intrigued by the superior ability of natural puff-shaped colonies
collected from the Red Sea to promote iron dissolution from
ferrihydrite and dust when compared with laboratory cultures
(Fig. 2d), we tested howmuch of the addedminerals were adsorbed
onto Trichodesmium. Microscopic observations and measurements
of the iron removed from the cells, by reducing solutions of Ti-
EDTA-citrate or hydroxylamine, revealed that ferrihydrite readily
adsorbed on all Trichodesmium morphologies, with 70–80% of
the ferrihydrite from the dissolution and uptake assays present
on the cells (Supplementary Fig. S1a). Desert dust, on the other
hand, only rarely got adsorbed on natural and cultured single
trichomes (data not shown). Conversely, the 1–2mm natural
puff colonies retained large amounts of dust with grain sizes
as large as 100 µm, probably owing to their intricate, irregular
morphology (Fig. 3). Image analysis of the amount of dust
retained by nine different colonies revealed remarkable dust
retention capabilities of 0.1–0.3mg dust per puff (Fig. 3 and
Supplementary S3a).

We discovered that the puff colonies actively shuttle the
adsorbed dust or ferrihydrite from the colony’s periphery to its
core (Fig. 3). This fascinating mineral centring process, recorded
under a microscope on 30 freshly collected individual puffs, was
fast and efficient. Essentially all of the particles that were retained
on the colony were transferred to the puff’s core within 20–50min
at rates of 7–20 µmmin−1 (Figs 3 and 4 and Supplementary S3b).
Dust addition to motionless puffs kept in a Petri dish resulted
in marked bending, stretching and rotation movements of the
trichomes as well as the turning and flipping of the whole
colony (SupplementaryMovies). The centring process involved two
distinct mechanisms: translocation along a single trichome and
movements of the trichomes one towards another, both of which
revealed comparable dust shuttling rates and final intertwining
within the colony core (Fig. 4). The particle translocation along
a single trichome, which occasionally involved particle rotation,
proceeds in the absence of known motile organelles. Speculatively,
it may operate similarly to the well-documented gliding and
swimming motility of non-flagellated bacteria, where rotation
of latex spheres around the cells was observed21,22. The second
mechanism included collective movement of several trichomes
away from and in the direction of other trichomes, resulting
in an effective shuttling of particles towards the colony centre
(Fig. 4a). This seemingly concerted movement of trichomes was
previously described for Trichodesmium and Aphanizomenon flos-
aquae colonies and was suggested to serve in expelling of
photosynthetically produced O2 to the surrounding medium11,23

and in forming andmetamorphosing colonies11.
Movement of trichomes in natural tuft-shaped colonies was

also reported previously13 and it was speculated that it may
lead to entrapment of dust particles in the colony interior.
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Our data confirm and extend these observations and highlight
the active role of Trichodesmium colonies in collecting, storing
and processing dust particles. Several pathways such as thermal
dissolution, mobilization by organic ligands, photoreduction and
bio-reduction may be involved in the Trichodesmium-mediated
dissolution of iron minerals3,24–26. The superior ability of puffs
in mediating mineral dissolution over that of single trichomes
(Fig. 2d) may be aided by the lower oxygen concentrations and the
more reduced environment within the colony core11. These puffs
can be viewed as microenvironments that favour dissolution, as
they contain high concentrations of organic matter and associated
microorganisms8. In nature, where the colonies encounter fewer
and smaller-sized dust particles, the dissolution efficiency of iron
from a single particle within the colony core is likely to be greater
than recorded here for dust-over-loaded puffs. Many physical,
chemical and biological aspects of the active dust particle centring
by Trichodesmium colonies and subsequent dissolution of iron still
await answers. However, as we observed this pathway exclusively
in natural colonies, our research was limited by low biomass, short
survival periods (up to a day) and by infrequent Trichodesmium
blooms in the Red Sea (three blooms in two years).

Our observations and experiments reveal that: dissolution of
mineral iron on the cell surface rather than in the bulk medium
is a prerequisite for iron uptake; Trichodesmium actively dissolves
iron minerals and enhances their bioavailability through cell-
surface processes; and natural puff colonies efficiently retain and
trap dust from the water and actively centre and package it
within the colony core. Consequently, these puffs are highly
effective in enhancing dissolution of iron from ferrihydrite and
dust (in fact of all morphologies tested, only the natural puffs
mediated dust dissolution). Our data affirm and considerably
extend previous research on Trichodesmium’s specialized ability to
efficiently capture and use iron minerals and dust in the ocean
water. We note that the degree of adsorption of iron-containing
dust particles on the trichomes is a key factor determining cellular
iron uptake. Both Trichodesmium’s morphology (colonies versus
single trichomes, colony size and shape) and the mineral type
influence the adsorption efficiency and subsequently bioavailability.
Furthermore, the verticalmigration ofTrichodesmium coloniesmay
increase their encounter rates with mineral-dust particles, thereby
increasing iron uptake rates12. The unique centring mechanism
exclusively identified in natural puff-shaped colonies demonstrates
the importance of field observations in supplementing systematic
laboratory investigations of the ecology and biogeochemistry of
Trichodesmium and other species.

The ability to concentrate and subsequently dissolve Fe from
dust particles overcomes two potential problems Trichodesmium
faces: diffusion limitation for dissolved iron in surface waters and
detachment of loosely adsorbed particles that may settle out of the
photic zone. Thus, the specialized ability of natural Trichodesmium
colonies to use iron from particulate sources such as dust could
be another evolutionary benefit driving cellular aggregation and
colony formation in iron-poor aquatic environments. Moreover,
we speculate that the strategy by which Trichodesmium captures,
centres and dissolves iron from minerals may also be shared
by other colony-forming phytoplankton. Thus, colony formation
and colonial morphologies would be selected and maintained
(despite size-dependent growth limitations) in environments where
dissolved iron availability is low and where uptake from colloids
and particles would provide a significant source of iron and possibly
other nutrients for growth.

Methods
Trichodesmium cultures and samples. Trichodesmium IMS101 stock cultures
were grown in the synthetic seawater medium YBCII (ref. 27) at 25 ◦C, 12 h:12 h
light/dark cycle at ∼80 µmol photons m−2 s−1. Stock cultures present as single
trichomes were unialgal and under exponential growth the bacterial biomass

was negligible and was not observed under light microscopy or by DAPI
(4,6−diamidino− 2−phenylindole) staining. At 24 h before experiments,
Fe-replete exponential-stage Trichodesmium was gravity-filtered using 8 µm,
47mm polycarbonate membranes and washed five times with Fe-free YBCII
(YBCII−Fe) to remove surface iron. The cells were re-suspended in YBCII−Fe
and allowed to recover and consume some of their intracellular Fe. Natural
Trichodesmium populations collected in three bloom events in the Gulf of Aqaba
consisted of single trichomes, small tuft colonies and large puff colonies. Before
experiments Trichodesmium colonies were hand-picked and placed in filtered
(<0.2 µm) sea water. Secondary picking was carried out to remove contaminating
biota. Cell numbers and trichome lengths were determined using a Nikon eclipse
80i epi-fluorescence microscope that was also used for imaging and quantifying the
interactions between Trichodesmium and iron oxides or dust.

Iron oxides and desert dust. Iron oxides (amorphous ferrihydrite) were prepared
by adding acidic FeCl3 to pH 9 Milli-Q (18.2M� cm) buffered with NaHCO3, and
were stabilized by heating for 2 h at 60 ◦C and subsequent ageing for 1–3 weeks19.
55Ferrihydrite was prepared in a similar manner using 1mCi 55FeCl3. Desert dust
was collected from the pier of the Interuniversity Institute for Marine Sciences,
Eilat, Israel. The mineral fraction in the dust is composed mostly of carbonates,
Al silicates (primarily clays) and quartz, and it contains 3–4% iron associated
predominantly with the Al silicates fraction28.

Uptake experiments. Uptake of iron from 55ferrihydrite was measured over 10 h
with carefully washed Trichodesmium IMS101 cultures (∼6×105 trichomes l−1,
enumerated in a microscope). Subsamples (5–20ml) were filtered every 2–3 h
on 5 µm polycarbonate membranes and washed with NaCl. Then, the 55Fe oxide
adsorbed on the cells was removed by a 10min wash with Ti-EDTA-citrate29
and the intracellular iron was counted in a liquid scintillation analyser (Packard
Tri-carb 1600). The radioactivity of aliquots from the cell filtrate and the different
washes was recorded to construct an isotopic mass balance and evaluate the
surface-adsorbed iron. The total radioactivity in the medium was carefully
monitored, as colloids may be lost from the experiment through adsorption to the
bottle walls. Here, as most of the colloids were found on the cells (Supplementary
Fig. S1), this process was minor. Lugol-fixed cells served as a control for active
uptake. DFB (1 µM) was used to complex the dissolved 55Fe in a non-bioavailable
form. To prevent adsorption of the colloids on the cells, the medium containing
the 55ferrihydrite colloids was first passed through a GF/F glass-fibre filter and the
filter with the trapped ferrihydrite was then added back to the filtrate following
the addition of Trichodesmium. Further details on the experiments are given in the
Supplementary Information.

Dissolution experiments. The dissolution rate of iron from ferrihydrite and
dust, that is the formation of dissolved Fe, was measured with a sensitive
spectrophotometric method in the presence of DFB (refs 19,20). DFB, which
complexes the newly dissolved iron (as well as that maintained initially in
association with the minerals) and prevents its uptake and precipitation, was added
to the experimental medium (filtered sea water or YBCII−Fe) at a ratio of 1:1.1
Fe/DFB. Dissolution rates were obtained from the formation with time of the
FeDFB complex (which represents the fraction of newly dissolved iron). At various
time points over a 8–30 h period, duplicate aliquots were filtered through 0.2 µm
syringe filters and their spectra were recorded using a 5 cm cuvette in a Varian Cary
50 spectrophotometer. FeDFB concentrations were calculated from the absorbance
at 429 nm and corrected for possible scattering at 720 nm. Parallel experiments
were run in duplicate with and without cells and either ferrihydrite (2–100 µM) or
desert dust (0.5–1 g l−1). Trichodesmium’s mediated iron dissolution, termed biotic
dissolution, is the calculated difference in dissolved iron concentrations in the
presence and absence of cells. Trichodesmium densities in the experiments varied
from 3×104–8×107 trichomes l−1 for laboratory cultures and 1–2 puff colonies
ml−1 (equivalent to 5×104–1×105 trichomes l−1) for natural populations. The
experiment with natural Trichodesmium-lacking puffs had∼7×104 trichomes l−1.
All experiments were carried out with gentle mixing at 25 ◦C and illumination of
∼50 µmol photons m−2 s−1. Various tests were conducted to refute experimental
artefacts as described in the Supplementary Information.

Statistics. Statistical differences between treatments were examined with a
one-tailed t -test on the linear regression coefficients of the uptake or dissolution
rates, with P values<0.05 considered significant. In Figs 1 and 2, different numbers
of asterisks indicate statistically different groupings.
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