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Chromera velia is a newly cultured photosynthetic marine alveolate. This microalga has a high iron requirement for respiration
and photosynthesis, although its natural environment contains less than 1 nM of this metal. We found that this organism uses a
novel mechanism of iron uptake, differing from the classic reductive and siderophore-mediated iron uptake systems
characterized in the model yeast Saccharomyces cerevisiae and present in most yeasts and terrestrial plants. C. velia has no trans-
plasma membrane electron transfer system, and thus cannot reduce extracellular ferric chelates. It is also unable to use
hydroxamate siderophores as iron sources. Iron uptake from ferric citrate by C. velia is not inhibited by a ferrous chelator, but
the rate of uptake is strongly decreased by increasing the ferric ligand (citrate) concentration. The cell wall contains a large
number of iron binding sites, allowing the cells to concentrate iron in the vicinity of the transport sites. We describe a model of
iron uptake in which aqueous ferric ions are first concentrated in the cell wall before being taken up by the cells without prior
reduction. We discuss our results in relation to the strategies used by the phytoplankton to take up iron in the oceans.

Chromera velia is a newly cultured marine alveolate
containing a photosynthetic plastid phylogenetically
related to vestigial plastids in apicomplexan (Moore
et al., 2008). It represents the closest free-living photo-
synthetic relative to apicomplexan parasites, thus pro-
viding a powerful model to study the evolution of
eukaryotic adaptability (Moore et al., 2008). To gain
further insight into the biology of this organism, the
genome of which remains unsequenced, we investi-
gated its iron metabolism and its mechanisms of iron
uptake. We compared the data obtained with other
phytoplanktonic organisms sharing the same ecolog-
ical niche, and with a terrestrial unicellular eukaryote,
the yeast Saccharomyces cerevisiae. S. cerevisiae is phylo-
genetically distant from C. velia, but its mechanisms of
iron uptake are well characterized, and thus consti-
tutes a useful model in these studies.
Iron uptake by terrestrial microorganisms and

plants is mostly based on the use of two main strat-
egies, both of which have been previously character-
ized in S. cerevisiae. The first strategy is the reductive
mechanism of uptake. Extracellular ferric complexes

are first dissociated by reduction, via trans-plasma
membrane electron transfer catalyzed by specialized
flavohemoproteins (Fre). Free iron is then imported by
a high-affinity permease system (Ftr1) coupled to a
copper-dependent oxidase (Fet3), allowing iron to be
channeled through the plasma membrane. In the sec-
ond strategy, the siderophore-mediated mechanism,
siderophores excreted by the cells or produced by
other bacterial or fungal species are taken up without
prior dissociation, via specific, copper-independent
high-affinity receptors. Iron is then dissociated from
the siderophores inside the cells, probably by reduc-
tion (for review, see Kosman, 2003; Philpott, 2006).
Chlamydomonas reinhardtii is a photosynthetic eukary-
otic model organism for the study of iron homeostasis,
which shares with yeast the strategy 1 of iron uptake
(copper-dependent reductive iron uptake; Merchant
et al., 2006).

Much less is known about the strategies used by
marine phytoplankton to acquire iron. Some data
suggest that these two strategies are used by some
marine microalgae (Soria-Dengg and Horstmann,
1995; Allen et al., 2008). However, for most marine
unicellular eukaryotes the mechanisms of iron assim-
ilation are completely unknown. The strategies used
by these organisms to acquire iron must have evolved
to adapt to the very particular conditions that prevail
in their surrounding natural environment: The transi-
tion metal composition of the ocean differs greatly
from that of terrestrial environments (Butler, 1998). In
particular, iron levels in surface seawater are ex-
tremely low (0.02–1 nM; Turner et al., 2001). Therefore
a strategy of iron uptake operating efficiently in a
terrestrial environment that contains iron at a micro-
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molar level may be inefficient in a marine environ-
ment. No classic iron uptake system with an affinity
constant in the nanomolar range has ever been found.
Additionally, the marine environment imposes phys-
ical limits on the classic strategies of uptake, including
the high diffusion rate of the species of interest (sidero-
phores or reduced iron; Völker and Wolf-Gladrow,
1999). It is well known that the low levels of iron limits
primary production of phytoplankton and carbon
fluxes across vast regions of the world’s oceans (Coale
et al., 2004; Pollard et al., 2009). It is thus of particular
interest to elucidate the molecular mechanisms un-
derlying acquisition of iron by marine phytoplankton
and to determine which iron sources are preferentially
assimilated with regards to the yield of carbon fixa-
tion.

In this study, we investigated the mechanisms of
iron uptake by C. velia, and found that this organism
uses a nonreductive uptake system of ferric ions,
which are first concentrated in the cell wall. Our
findings provide a better understanding of the biology
of this organism, and highlights the need for further
study on the mechanisms of iron acquisition in marine
phytoplankton.

RESULTS

Iron Requirement

Iron is generally present at extremely low concen-
trations in ocean surface water (Turner et al., 2001).
The typical iron concentration in seawater where C.
velia was isolated (South Pacific Ocean, 33�S, 151�E;
Moore et al., 2008) is estimated between 0.1 and 0.8 nM

(de Baar and de Jong, 2001). We determined the effect
of iron on the growth of C. velia by adding various
amounts of ferric citrate to the medium, and found
that iron strongly enhanced cell growth at concentra-
tions of up to 0.01 mM (Fig. 1A). Concentration of iron
greater than 0.01 mM did not significantly increase the
growth rate in exponential growth phase, but in-
creased the maximum cell yield (Fig. 1A). Iron sup-
plied in the form of the hydroxamate siderophores
ferrioxamine B or ferrichrome did not sustain cell
growth (Fig. 1B). Cells grown in the presence of excess
iron (1 mM ferric citrate) had surprisingly high total
iron content, reaching 30 3 106 atoms/cell. This value
is similar to values previously found in organisms
with high iron requirements and high storage capacity
such as yeast cells (Seguin et al., 2009). This suggests
that C. velia is able to store intracellular iron in special
proteins/organelles, as do pennate diatoms in ferritin
(Marchetti et al., 2009). The distribution of soluble
iron-containing proteins analyzed by gel filtration
gave no evidence for the presence of ferritin (the
highest molecular weight peak associated with iron
was 200 kD; Supplemental Fig. S1). The way C. velia
stores iron at the intracellular level thus remains to be
elucidated.

We examined the effect of iron supply on cell
morphology and on various biochemical parameters.
Reduction in cell volume in response to iron limita-
tion has previously been observed in several micro-
algae (Greene et al., 1992; Allen et al., 2008; Marchetti
and Cassar, 2009). The change in cell size in response
to iron availability may be physiologically relevant,
through its potential effects on reductive iron uptake
and siderophore-mediated iron uptake: Smaller cells
can reach a higher density using a fixed amount of nu-
trient, leading to improved uptake efficiency (Völker
and Wolf-Gladrow, 1999). To determine whether cells
grown under different iron concentrations displayed
distinct morphological phenotypes, we used light mi-
croscopy and calculated the volume of the cells. We did
not detect any significant difference in the morphology
of cells grown in the presence of 0, 0.01, and 1 mM iron
added to the medium. Similarly, cells grown with or
without added iron, and evaluated by transmission
electron microscopy, did not show any major differ-
ences in ultrastructure (Supplemental Table S1; Sup-
plemental Fig. S2). Despite iron limitation having no
apparent effect on cell morphology, low iron supply
resulted in the limitation of cellular energy, as shown by
a decreased rate of respiration and photosynthesis and
by a reduced amount of cellular chlorophyll a in iron-
deprived conditions (Supplemental Fig. S3). At high
iron concentration (1 mM), both respiration and photo-
synthesis were strongly boosted (Supplemental Fig. S3).
Thus, C. velia is able to grow on low iron medium but
is able to make use of higher iron concentrations for
metabolism when available. This organism must there-

Figure 1. Iron-dependent growth of C. velia. Effect of the amount (A)
and of the form (B) of iron on growth. C. velia cells precultured without
iron (1.5 106 cells/mL) were added to iron-free Mf medium. Iron was
then added to the medium, at various concentrations and in various
forms. A, Iron added as Fe(III)-citrate (1:20) at 1 nM (white squares), 10
nM (white circles), 100 nM (black triangles), 1 mM (black circles), or 500
mM (black squares). B, No iron added (black squares), 10 nM Fe(III)-
citrate (1:20; black circles), 10 nM ferrioxamine B, or 10 nM ferrichrome
(black and white triangles, respectively). Means 6 SD from six exper-
iments are given.
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fore possess a very efficient system to take up iron from
its surrounding environment and concentrate it into
the cell.

Iron Uptake Assays: Speciation of Iron

In most experiments, we used ferric citrate (1:20)
added to concentrated cell suspensions (100 106 cells/
mL), and determined iron uptake on short periods of
time. The speciation of iron in these conditions was
difficult to evaluate. Due to the high concentration of
Ca2+ in seawater medium, iron added as ferric citrate
(1 mM) is theoretically expected to distribute as follows
when the thermodynamic equilibrium is reached: 4%
iron complexed with citrate, 96% iron precipitated, and
free iron concentration [Fe3+] of 10215.4

M (estima-
tions based on the use of the GEOCHEM-EZ software;
Shaff et al., 2010). This is however not what we ob-
served experimentally: When we added 1 mM ferric
citrate (1:20) to cell-free seawater medium, we deter-
mined (by ultracentrifugation at 300,000g for 1 h) that
90% of the iron was still soluble after 30 min (data not
shown). This discrepancy might result from the fact
that thermodynamic equilibrium cannot be reached
within this short period of time (30 min). Also, the
chemistry of ferric citrate speciation in aqueous solu-
tion is complicated and not fully understood yet, and
the estimated affinity constants for the monoiron
dicitrate complex ranges from (log) 19.1 to 38.7 in the
literature (Silva et al., 2009). As we worked with con-
centrated cell suspensions, predictions on iron speci-
ation should also account for the charges and potential
ligands of metals introduced in the system by the cells
themselves. Regarding iron speciation, one crucial pa-
rameter is the concentration of reduced thiols in the
medium. We therefore measured exofacial thiols asso-
ciated with whole C. velia cells. Our results show that
for a suspension of 100 106 cells/mL, the concentration
of surface thiol groups is 126 3 mM (mean6 SD, n = 3).
A new simulation with GEOCHEM-EZ, taking ac-
count for the thiols present in the medium gave the
following values: 100% of iron (added as 1 mM ferric
citrate) is expected to be soluble (complexed by thiols
and citrate), with a free iron concentration [Fe3+] of
10217.7

M.

Iron Uptake Is an Inducible, Energy-Dependent

Two-Step Mechanism

We studied the mechanisms of iron uptake by C.
velia grown in iron-limited (0.01 mM iron in the growth
medium) and iron-rich (1 mM iron) media, using dif-
ferent ferric and ferrous (55Fe) chelates. For these
experiments, we used the yeast S. cerevisiae as a com-
parative model. As shown in Figure 2, iron was taken
up efficiently by C. velia cells using ferric citrate, with a
higher level of uptake in iron-deficient cells than in
iron-replete cells. However, the kinetics of iron uptake
in C. velia differed from those observed for yeasts.
Unlike in yeast, the initial rate (the first 5–10 min) of

iron uptake in C. velia was unaffected by iron starva-
tion during growth (Fig. 2). Enhanced iron uptake was
apparent in iron-deficient cells during a subsequent
phase of uptake, suggesting that a step of iron binding
occurred before uptake. Thus, the iron uptake process
itself, but not the initial binding of iron seems to be
regulated by the abundance of iron in the environ-
ment. Evidence for a two-step mechanism of uptake
was further demonstrated in the following experi-
ment. C. velia cells were incubated with 0.5 mM

55Fe
(III)-citrate for various periods of time at 0�C or 25�C,
and then washed with Mf medium (see “Materials and
Methods”) containing 1 mM citrate buffer (pH 6.5) to
remove any nonspecifically bound iron from the cell
surface. The cells were then washed with the same
Mf/citrate buffer containing strong ferric and ferrous
iron chelators (EDTA, bathophenanthroline disulfonic
acid [BPS], and desferrichrome, each at 10 mM), to
remove all the chelatable iron from the cell surface.
The amount of iron associated with the cells (intracel-
lular iron, Fig. 3) and that removed by the chelators
(extracellular iron, Fig. 3) were then measured. Extra-
cellular and intracellular levels of bound iron were
temperature dependent and increased with time (Fig.
3). However, at 25�C and not at 0�C, the difference
between these two pools of iron became smaller with
time (D1 and D2 in Fig. 3), suggesting that the iron
specifically bound to the cell surface was progressively

Figure 2. Initial rates of iron accumulation by C. velia and S.
cerevisiae. C. velia was grown in iron-rich (1 mM; black squares) or
iron-limited (10 nM; white squares) Mf medium. S. cerevisiae was
grown in iron-rich (1 mM; black circles) or in iron-deficient (white
circles) medium. Cells were washed once with iron-free Mf medium
containing 1mM EDTA and twice with iron-freeMf medium (C. velia) or
50 mM citrate buffer (S. cerevisiae), and resuspended in the same final
media at 1003 106 cells/mL. For yeast, 2%Glc was added to the citrate
buffer. Cells were incubated in the light at 25�C or 30�C, respectively, in
the presence of 1 mM

55Fe(III)-citrate (1:20). Aliquots were taken at
intervals and washed three times with Mf medium containing 1 mM

EDTA before counting. Means 6 SD from six experiments are given.
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taken up by the cells to become nonchelatable (Fig. 3).
An alternative explanation of these data would imply
that the strength of iron binding to the surface in-
creased with time, as a consequence of iron precipita-
tion in the cell wall, or of iron binding to increasingly
stronger ligands. This hypothesis is however improb-
able, since further treatment of the cells (after washing
them with the mix of strong chelators) with a strong
reducing agent (dithionite 10 mM) did not result in
subsequent iron release (data not shown). It is thus
reasonable to assume that the iron bound to the cell wall
was progressively internalized, as previously shown by
pulse-chase experiments in the coccolithophore Pleuro-
chrysis carterae (Hudson and Morel, 1990). It is worth
noting that the dependence on temperature of iron
binding to the cell wall was greater than expected from a
simple physical process (3-fold more iron bound to the
cell wall at 25�C than at 0�C; Fig. 3). This observation
suggests that a biological or metabolically driven pro-
cess is at play not only for iron uptake by the cells, but
also for iron binding to the cell surface. As expected
from amechanism involving several components/steps,
this iron uptake by C. velia did not display simple
Michaelis-Menten kinetics. Plotting initial rates of up-
take as a function of iron concentrations resulted in a

sigmoid curve indicative of a cooperative process oc-
curring in a two-step reaction (Supplemental Fig. S4).
The same kinetics were observed for iron uptake,
whether iron was added in the form of Fe(III) (citrate)
or Fe(II) (ascorbate; Supplemental Fig. S4).

Iron Uptake Is Nonreductive and Not Mediated
by Siderophores

The two main strategies used by plants, bacteria,
and fungi to take up iron involve either the use of
siderophores, or the reduction of naturally occurring
Fe(III) complexes followed by uptake of the reduced
iron. Ferrous iron chelators like ferrozine or BPS fully
inhibit reductive iron uptake, by trapping the iron
after its reduction by the surface reductases, but do not
affect siderophore-mediated (nonreductive) iron up-
take (Lesuisse and Labbe, 1989). Iron uptake by C. velia
was efficient when Fe(III) (ferric citrate) or Fe(II)
(ferrous ascorbate) was used as the iron source, but
only the uptake of Fe(II) was blocked by the addition
of BPS (Fig. 4A). Cells did not take up iron in the form
of ferrichrome (Fig. 4A). By contrast, the reductive
uptake of Fe(III) by yeast cells was inhibited by BPS,
whereas nonreductive uptake of ferrichrome—due to
the presence of a specific ferrichrome transporter in S.
cerevisiae (Heymann et al., 2000)—was not (Fig. 4B).
Another strong chelator of ferrous iron, ferrozine, gave
similar results (data not shown). We attribute the small
inhibitory effect of these chelators on ferric iron uptake
by C. velia cells to photoreduction of iron, which under
our experimental conditions could not completely be
avoided. The observation that ferrous uptake, but not
ferric uptake was blocked by BPS (or ferrozine) in C.
velia implies that this organism is able to take up ferric
iron without any prior reduction step. We investigated
this further by measuring the ferrireductase activity
associated with whole cells of C. velia grown in iron-
deficient or in iron-rich conditions. Our results show
that, unlike yeast, C. velia had no detectable ferrire-
ductase activity associated with intact cells whatever
their growth conditions (Supplemental Table S2). We
previously showed that the trans-plasma membrane
electron transport involved in the reduction of extra-
cellular ferric complexes by yeast cells could be mea-
sured with a highly sensitive fluorometric assay using
resazurin as the electron acceptor (Lesuisse et al.,
1996). This assay was negative for C. velia cells (Fig.
5), demonstrating that these cells cannot transfer in-
tracellular electrons to an extracellular acceptor. Al-
though C. velia lacks the trans-plasma membrane
electron transfer system that is required for reductive
uptake of iron, we found that this organism does have
intracellular reductase(s) able to reduce iron with
NAD(P)H as the electron donor. Indeed, whole cell
extracts of C. velia showed NADH- and NADPH-
dependent reduction of ferric citrate (Fig. 5). The level
of NADPH-dependent reductase activity was higher
in cells grown in iron-deficient conditions than in cells
grown in iron-rich medium (Fig. 5). Thus, after non-

Figure 3. Iron binding to C. velia cells; temperature and time depen-
dence. C. velia was grown in iron-free Mf medium, harvested, washed
with iron-freeMfmedium, and resuspended in the samemedium at 0�C
(circles) or 25�C (squares) in the presence of 0.5 mM

55Fe(III)-citrate
(1:20). At the times indicated, aliquots were taken and washed with Mf
medium containing 1 mM citrate buffer. The amount of extracellular
(black symbols) and intracellular (white symbols) iron specifically
bound to the cells was determined by washing the cells with Mf
medium containing EDTA, BPS, and desferrichrome (10 mM each). The
difference between extracellular iron (washable by strong chelators)
and intracellular iron (nonwashable) decreased with time only at 25�C
(represented by D values on the figure). Means 6 SD from three
experiments are given.
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reductive uptake of ferric iron by C. velia cells, intra-
cellular reductase(s) may be involved in intracellular
iron assimilation by this organism.
Another major difference between the C. velia iron

uptake system and the yeast model is related to the
properties of the iron permeation step. In yeast (as in
other organisms using the reductive pathway of iron
uptake), iron reduction at the cell surface is followed by
the reoxidation of iron coupled to its transport inside
the cell. The yeast iron permease Ftr1 thus transports
ferric ions produced by the oxidase Fet3. This mecha-
nism was extensively studied by Kwok et al. (2006a,
2006b), who showed that despite Fe3+ being the sub-
strate of the permease, these ferric ions are not normally
available to any Fe3+ chelator present in the extracellu-
lar medium, because they are channeled through the

Fet3-Ftr1 complex. This would imply that the transfer of
Fe3+ from one protein to the other is nondissociative. In
this model, an added Fe3+ chelator would only inhibit
the uptake by scavenging Fe3+ from the complex, a
kinetically rather than thermodynamically controlled
process (Kwok et al., 2006a). This mechanism contrasts
with a dissociative mechanism, in which the Fe3+ ions
bound to the permease equilibrate with the bulk phase,
where they can be trapped by a ferric chelator added to
the medium (Kwok et al., 2006a). We measured the
effect of increasing the concentration of the ferric che-
lator citrate [increasing the Fe(III):citrate ratio from 1:10
to 1:250] on the uptake of ferric iron byC. velia and yeast
cells (Fig. 6). Increasing the concentration of citrate had
little effect on the rate of iron uptake by yeast cells (Fig.
6B), but strongly inhibited iron uptake by C. velia cells

Figure 4. Nonreductive iron uptake in C. velia
compared to reductive and siderophore-mediated
iron uptake in S. cerevisiae. C. velia (A) and S.
cerevisiae (B) cells were grown in iron-deficient
medium and treated as described in Figure 2.
Iron (1 mM) was added to the cell suspensions, in
the form of 55Fe(III)-citrate (1:20; circles), 55Fe(II)-
ascorbate (1:10; squares), or 55Fe-ferrichrome
(triangles), with (white symbols) or without (black
symbols) addition of the ferrous chelator BPS (100
mM). Aliquots were taken at intervals and washed
three times with Mf medium containing EDTA,
BPS, and desferrichrome (10 mM each) before
counting. Means6 SD from three experiments are
shown.

Figure 5. Whole cell and intracellular reductase activity. C. velia and S. cerevisiae cells were grown in iron-deficient medium
and treated as described for Figure 2. A, Trans-plasma membrane electron transfer for whole cells was monitored by fluorimetric
analysis of the formation of resorufin from resazurin (10 mM). Both C. velia (curve 2) and S. cerevisiae, used as a control (curve 1),
were analyzed at a concentration 100 3 106 cells/mL. B, NAD(P)H-dependent ferrireductase activity of soluble whole-cell
homogenate of C. velia. Cells were grown in iron-rich (1 mM; black symbols) or iron-limited (10 nM; white symbols) Mf medium,
washed, and broken up with glass beads. The soluble fraction (10,000 g supernatant) was tested for ferrireductase activity by
measuring absorbency at 535 nm after the addition of 0.5 mM Fe(III)-citrate (1:20), 1 mM BPS, and either 1 mM NAPDH (curves
1 and 3) or NADH (curves 2 and 4) as the electron donor. One representative experiment out of three (A) or two (B) is shown.
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(Fig. 6A). This suggests that, unlike yeast, which uses a
channeling mechanism for uptake, C. velia uses a dis-
sociative mechanism, in which the ferric ions equili-
brate with the bulk solution.

Iron Binding at the Cell Surface Strongly Increases the
Local Iron Concentration

A dissociative mechanism of uptake is likely to be
much more efficient if there are many iron-binding
sites in the vicinity of the permeation sites, by ensuring
a high local concentration of iron available for trans-
port. We evaluated the number of specific iron-binding
sites at the surface of C. velia cells and of yeast cells
using Scatchard plots (Fig. 7). Cells were incubated at
4�C with increasing concentrations of 55Fe (as the 1:10
citrate complex) with or without a large excess (1,000-
fold) of cold ferric citrate to saturate the nonspecific
binding sites, and the cells were then washed with
water to remove unbound iron before counting. This
allowed one to calculate the parameters of specific iron
binding at the cell surface (Fig. 7). These analyses
showed strong specific binding of Fe3+ at the surface
of C. velia cells, with an estimated number of specific
binding sites of 45 pmol per million cells and an
apparent Kd of 2.5 1026

M (the number for yeast being
40 fmol per million cells). These binding sites at the cell
wall probably serve to increase the local iron concen-
tration near the transport sites, rather than directly
participating in the uptake process itself, i.e. the bind-
ing of iron to the cell wall is not necessary for subse-
quent intracellular uptake. We showed this to be the
case in experiments using gallium to compete iron for
binding. C. velia cells were preincubated on ice for 5
min with Ga3+ (to saturate the binding sites) and then
washed (with iron-free Mf medium) before adding
iron. The initial iron uptake rates in cells preincubated
with Ga3+ were significantly higher than in control
cells (preincubated without Ga3+; Supplemental Fig. S5).
This finding suggests that the binding of Ga3+ pre-
vented Fe3+ binding to the cell wall, allowing quicker

intracellular uptake of newly added iron. Indeed, at
the high concentration used in our experiments (1 mM),
the added iron could reach the transport sites directly,
at a saturating concentration. When Ga3+ was present
not only during the preincubation of cells, but also
during the incubation of cells with iron, it had an in-
hibitory effect on iron uptake, suggesting that Ga3+

competed not only for the binding sites at the cell
surface but also for the iron transport sites (Supple-
mental Fig. S5). By contrast, gallium has no effect at all
on reductive iron uptake by yeast cells (Lesuisse and
Labbe, 1989). The high iron-binding capacity of C. velia
cells is probably crucial for efficient iron uptake when
the extracellular iron concentration is very low, such as
in the ocean water. We showed this in the following
experiment. C. velia cells (10 million cells per mL) were
incubated for 10 min on ice in Mf medium containing
1 nM

55Fe (as ferric citrate). The iron associated with the
cells was measured after centrifugation. We found that
17% 6 3% (mean 6 SD, n = 3) of the total iron initially
present in solution was associated with the cells.
Assuming a mean cell volume of 215 m3 (see Supple-
mental Table S1), we estimated the volume of the cell
wall to be maximum 8 m3 per cell (highest estimation)
on the basis of electron micrographs (Supplemental
Fig. S2). Using this estimation, we calculated a local
concentration of iron in the cell wall of about 2 mM, i.e.
a concentration of iron 2,000-fold higher than the
concentration of iron in the solution. This experimen-
tal value fits well with the value that can be calculated
from the parameters of the Scatchard plots (Fig. 7).
This process of iron concentration is probably crucial
for microalgae like C. velia being able to take up iron
from an environment where the concentration of iron
is generally lower than 1 nM. By itself, concentration of
iron in the cell wall does not provide a mechanism for
uptake at the plasma membrane, from a thermody-
namic point of view. Other mechanism(s) should be at
play, which remain to discover, to account for the
utility of iron concentration in the cell wall for uptake.
Local acidification by proton excretion and complex

Figure 6. Effect of Fe3+ ligand concentration on iron
accumulation. C. velia (A) and S. cerevisiae (B) cells
were grown in iron-deficient medium and treated as
described for Figure 2. Iron (1 mM) was added to the
cell suspensions, in the form of 55Fe(III)-citrate, at
different Fe(III):citrate ratios. Circles: 10 mM citrate [Fe
(III)-citrate 1:10]; squares: 50 mM citrate [Fe(III)-citrate
1:50]; triangles: 250 mM citrate [Fe(III)-citrate 1:250].
Aliquots were taken at intervals and washed three
times with Mf medium containing EDTA, BPS, and
desferrichrome (10mM each) before counting. Means6
SD from three experiments are shown.
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ligand exchange reactions could be part of this pro-
cess, by which the iron bound to the cell wall can gain
access to the transport sites.

DISCUSSION

The excretion/utilization of siderophores (nonre-
ductive uptake) and the reduction of naturally occur-
ring ferric complexes at the cell surface (reductive
uptake) are common strategies used by terrestrial
plants, fungi, and bacteria to take up iron from their
environment (Staiger, 2002; Philpott, 2006; Sutak et al.,
2008). The yeast S. cerevisiae has become a paradigm
to study these mechanisms at the molecular level
(Philpott, 2006). We thus used this model organism,
in which both strategies of iron uptake have been well
characterized, as a standard in comparisons with the
characteristics of iron uptake in a newly discovered
organism, the photosynthetic alveolate C. velia. Our
findings suggest that C. velia displays a nonreductive,
siderophore-independent mechanism of iron uptake.
Part of this process seems to be based on the specific
binding of Fe3+ to the cell wall, leading to a high local
concentration of iron near the transport sites, followed
by the nonreductive uptake of ferric ions. However,
what happens between the step of iron binding to the
cell wall and the step of iron transport into the cell

remains a black box. Our data suggest that the uptake
system is dissociative, whereby ferric ions bound to
the transport sites equilibrate with the bulk phase. The
efficiency of such a system is likely to require both an
iron-enriched local environment (which is made pos-
sible by the high number of iron binding sites at the
cell surface) and a mechanism to increase the concen-
tration of unbound ferric ions near the transport sites.
This mechanism, in which local acidification could
play a role, remains to discover. Dissociative mecha-
nisms of iron uptake probably exist in other micro-
algae. Indeed, it has been reported that, in some
diatoms and coccolithophores, the rate of iron uptake
does not depend on the concentration of chelated Fe
(III) but rather on the equilibrium concentration of
unchelated Fe’ (Sunda, 2001; Shi et al., 2010), as would
be expected from a dissociative, thermodynamically
controlled process of uptake.

The efficiency of the uptake system that we describe
here may be tightly related to the aqueous Fe3+ avail-
able for binding at the cell surface, and thus to the
form of iron present in the extracellular medium. The
iron binding sites at the surface of C. velia cells have an
affinity that is sufficient for the binding of iron ligated
to citrate but not to hydroxamate siderophores (logKD
of about 30). The form in which iron exists in ocean
water remains unclear. Morel et al. (2008) have sug-
gested that unchelated iron may be an important

Figure 7. Iron binding at the cell surface. C. velia
(A and B) or S. cerevisiae (C and D) cells were
incubated at 1003 106 cells/mL for 10 min at 4�C
with increasing concentrations of 55Fe(III)-citrate
(1:10), with (white symbols, nonspecific binding)
or without (black symbols, total binding) a 1,000-
fold excess of cold iron. Specific binding of iron at
the cell surface was calculated (solid lines). A and
C, Iron binding as a function of iron concentra-
tion. B and D, Scatchard plots. Means 6 SD from
three experiments are shown.
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source of iron for phytoplankton, whereas other au-
thors have suggested that most of the ferric iron in
ocean water is complexed to organic ligands, with
conditional stability constants ranging from 1011 to 1022

M
21 (Rue and Bruland, 1995; Butler, 1998). Other stud-

ies have identified colloidal iron as a major form of
iron at the surface of the ocean (Wu et al., 2001).

Very little is known about the mechanisms used by
marine phytoplankton to fulfill their iron requirement.
Despite this lack of data, most authors postulate that
the mechanism of iron uptake by marine phytoplank-
ton must be either reductive or siderophore mediated
(Sunda, 2001). Both strategies of uptake are undoubt-
edly used by several marine microalgae. A yeast-like
reductive uptake system has been suggested on the
basis of gene sequence homology or transcriptomic
analyses in the marine diatoms Thalassiosira pseudon-
ana (Armbrust et al., 2004) and Phaeodactylum tricornu-
tum (Kustka et al., 2007; Allen et al., 2008; Bowler et al.,
2008), and direct evidence for copper-dependent re-
ductive uptake of iron has been shown for Thalassiosira
oceanica (Maldonado et al., 2006). The presence of
marine siderophores has also been well established
(Butler, 1998, 2005; Mawji et al., 2008), and their use as
an iron source, through reductive or nonreductive
mechanisms, has been shown for certain microalgae
(Soria-Dengg and Horstmann, 1995; Naito et al., 2008;
Hopkinson and Morel, 2009). However, these organ-
isms may need to adapt to particular features of the
marine environment, requiring the use of different
strategies. Physical limitations affect both strategies
(reductive and siderophore mediated) of iron uptake
from the marine environment, including the very low
concentration of the species of interest and their rapid
diffusion (Völker and Wolf-Gladrow, 1999). Moreover,
the sequencing of genomes of unicellular free-living
eukaryotes now challenges the ubiquity of the tradi-
tional reductive iron uptake system characterized in
the yeast model. Querying draft genomes of unicellu-
lar free-living eukaryotes against components of the
yeast reductive iron uptake system showed that ferri-
reductase homologs are present only in the ciliate
Tetrahymena thermophila and the amoeba Naegleria
gruberi, with no significant BLAST hits being detected
for others (Supplemental Table S3). This may be due to
either the reductive iron uptake mechanism not being
conserved or the sequences being too divergent to be
detected by the homology searches. Use of the diatom
annotated homologs as BLAST queries revealed addi-
tional significant hits in some but not all draft genomes
(Supplemental Table S3). Using the diatom FTR1 ho-
molog (EEC45906.1, P. tricornutum) as a query, we
found this permease to be the most conserved com-
ponent of iron import, with significant hits in all
studied draft genomes. These matches were all re-
ferred to as ZIP transporters, a family of metal trans-
porters able to transport a variety of cations (Guerinot,
2000). Thus, most of the sequenced unicellular free-
living eukaryote genomes have homologs of Ftr/Irt
proteins, but no clear Fre and Fet homologs (Supple-

mental Table S3), suggesting the presence of uptake
systems other than the classic reductive system. Anal-
ysis of the genomes of twoOstreococcus species suggests
a complete lack of reductive iron uptake components.
It was further speculated that they possess a novel
system of iron acquisition that differs from yeast and
diatoms, although experimental evidence for a new
nonreductive iron uptake system is missing (Palenik
et al., 2007). Similarly, the diversity of iron uptake
systems in the organisms most closely related to C.
velia, such as the parasitic apicomplexa, remains to be
fully understood (Sutak et al., 2008). The next closest
group to C. velia is the dinoflagellates and its sister
group, which includes Perkinsus marinus. Analysis of
the draft genome of P. marinus did not reveal any
evidence of classic iron uptake machinery (Supple-
mental Table S3).

The iron uptake system that we have preliminarily
characterized here may not therefore be restricted to C.
velia, but may be used by other phylogenetically
related or unrelated organisms. Another nonreductive
iron uptake system involving binding of iron by a
surface transferrin-like protein was described in the
halotolerant alga Dunaniella salina (Paz et al., 2007a,
2007b). In this alga, iron deficiency induces primarily
iron binding to the cell surface rather than iron inter-
nalization (Paz et al., 2007b), which is the opposite of
what we observed in C. velia. The kinetic parameters of
iron uptake by D. salina and C. velia are also strongly
different (Paz et al., 2007b) and it thus seems improb-
able that these species share the same mechanism of
iron uptake. We are currently comparing the iron
uptake mechanisms used by various microalgae be-
longing to different phyla, to determine whether or not
the iron uptake mechanism identified in C. velia can be
found in other species of the oceanic phytoplankton.
Many other questions about iron uptake by C. velia
remain unanswered. In particular, it remains unclear
whether Fe(II) and Fe(III) can be taken up by the same
system or by separate mechanisms. We observed that
C. velia was able to take up Fe(III) and Fe(II) at similar
rates. The same observation was made for Thalassiosira
weissflogii (Anderson and Morel, 1982), and it was
suggested that the uptake of Fe(II) may involve au-
toxidation to Fe(III) following binding to the cell sur-
face, a process known to occur in Fe(II) chelation to
strong Fe(III)-binding ligands (Sunda, 2001).

Amajor step forward will be the identification of the
molecular components involved in this nonreductive
uptake system.

MATERIALS AND METHODS

Cell Culture

The yeast Saccharomyces cerevisiae YPH499 was grown at 30�C in iron-rich

(yeast nitrogen base) or iron-deficient (yeast nitrogen base + 0.1 mM BPS)

medium as previously described (Lesuisse et al., 2001). Chromera velia cells

were grown at a temperature of 21�C and a 16:8 light (3,000 lux) dark regime in

a filtered modified f medium (Guillard and Ryther, 1962) containing per liter

Sutak et al.
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(Mf medium): sea salts (Sigma) 40g; MES hydrate 250 mg; NH4NO3 2.66 mg;

NaNO3 75 mg; Na2SiO3 5H2O 22.8 mg; NaH2PO4 15 mg; 1 mL of vitamin stock

(thiamine HCl 20 mg/L, biotin 1 mg/L, B12 1mg/L); 1 mL of trace metal stock

(MnCl2 4H2O 200 mg/L, ZnSO4 7H2O 40 mg/L, Na2MoO4 2H2O 20 mg/L,

CoCl2 6H2O 14mg/L, Na3VO4 nH2O 10mg/L, NiCl2 10mg/L, H2SeO3 10mg/

L); and 1 mL of antibiotic stock (ampicillin sodium and streptomycin sulfate

100 mg/mL); pH 6.8. Iron was added in the form of ferric citrate (1:20). The

chemical speciation of iron was estimated using the GEOCHEM-EZ software

(http://www.plantmineralnutrition.net/Geochem/Geochem%20Download.

htm; Shaff et al., 2010).

Iron Uptake Assays

Iron uptake by S. cerevisiaewas measured in microtiter plates as previously

described (Lesuisse et al., 2001). Iron uptake by C. velia was measured in

microtiter plates, after incubating cells in the light at 25�C for various periods

of time in Mf medium. Different amounts of 55Fe (29,600 MBq/mg) were

added, in the form of ferrous ascorbate, ferric citrate, ferrioxamine B, or

ferrichrome. The cells were collected with a cell harvester (Brandel) and

washed on the filter before counting in a Wallac 1450 MicroBeta TriLux

scintillaton counter.

Reductase Assays

Whole cell ferrireductase activity of S. cerevisiae and C. velia was measured

as described previously (Lesuisse and Labbe, 1989) with either Fe(III)-citrate

or Fe(III)-EDTA (0.5 mM) as the iron source. The cells (100 3 106 cells/mL)

were incubated at 25�C in the dark in the presence of iron (0.5 mM) and BPS

(1.5 mM) for various periods of time, and then centrifuged before measuring

absorbency (535 nm) of the supernatant (« = 19.5 mM
21 cm21). Intracellular

ferrireductase activity was measured from soluble cell extracts (100 mg/mL)

as previously described (Lesuisse et al., 1990), with Fe(III)-EDTA (0.5 mM) as

the iron source and either NADH or NADPH (1 mM) as the electron donor, in

the presence of BPS (1.5 mM) at 30�C with magnetic stirring. The formation of

the Fe(II)(BPS)3 complex was continuously monitored at 535 nmwith a Varian

Cary 4000 spectrophotometer. Trans-plasma membrane electron transfer was

assessed for whole cells with resazurin as the electron acceptor. Reductase

activity was recorded by the appearance of resorufin at 30�Cwith a Jobin Yvon

JY3D spectrofluorimeter (lex 560 nm, lem 585 nm, slit widths of 2 nm for both

excitation and emission). The incubation mixture in 50 mM sodium citrate

buffer (pH 6.5; S. cerevisiae) or Mf medium (C. velia) containing 10 mM

resazurin was magnetically stirred (Lesuisse et al., 1996).

Oxygen Assay

The metabolic activity of C. velia cells in the light and in the dark was

evaluated by an oxypolarographic method. The rate of oxygen consumption/

production by the cells (1003 106 cells/mLMf medium) was measured with a

1 mL thermostatically controlled oxypolarographic cell equipped with a

Clark-type electrode.

Light Microscopy

Cells in an exponential growth phase were observed and measured under

a 1003 oil objective using an Olympus BX62 microscope equipped with

differential interference contrast. We used the nonparametric Mann-Whitney-

Wilcoxon test to determine whether the obtained measurements were consis-

tent with the expected distribution.

Electron Microscopy

C. velia cells were centrifuged in culture medium. Supernatants were

removed. The remaining concentrated suspensions of cells were placed in flat

specimen holders for high-pressure freezing (flat specimen carrier, gold

plated, 0.5 mm thick, 1.5 mm in diameter, 200 mm deep; EMpact 2 Leica),

frozen, and stored in liquid nitrogen.

Cells were freeze substituted at 290�C in 2% osmium tetroxide in acetone

and embedded in Epon-Araldite. Serial sections (60 nm) were cut on an

Ultracut E microtome (Leica Microsystems), poststained with uranyl acetate

and lead citrate. Staining was visualized using a Tecnai12 electron microscope

operating at 80 kV.

FPLC

The cells grown with 0.5 mM
55Fe-citrate as the sole source of iron were

washed and disrupted by sonication. Cell extracts were spinned down to

remove remnants of the cell wall and organelles. The supernatant was loaded

onto a Superdex 200 10/300 GL column (GE Healthcare) and proteins were

eluted with 50 mM HEPES and 140 mM NaCl, pH 8.0, using the FPLC system

ÄKTApurifier UPC 10 (GE Healthcare). Fractions (0.2 mL) were collected, and

radioactivity was measured in a scintillator counter. The column was

calibrated with a gel filtration standard (Bio-Rad).

Other Assays

Surface thiols of C. velia cells were measured with 5,5#-dithio-bis(2-nitro-
benzoic acid), as previously described (Lesuisse and Labbe, 1992). Chloro-

phyll from 10 mL of culture was extracted in 90% acetone using 0.45 to 0.45

mm glass beads. The concentration of chlorophyll a was measured with a

Varian Cary 4000 spectrophotometer using the equation:

�
Chl a

��
mg=mL

� ¼ �
12:253

�
A663 2A750

�
2 2:553

�
A646 2A750

��
3Vtotal=Vsample
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