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Océanologique, Sorbonne Universités, Université Pierre et
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Summary

Numerous cellular functions including respiration require
iron. Plants and phytoplankton must also maintain the

iron-rich photosynthetic electron transport chain, which

most likely evolved in the iron-replete reducing environ-
ments of the Proterozoic ocean [1]. Iron bioavailability has

drastically decreased in the contemporary ocean [1], most
likely selecting for the evolution of efficient iron acquisition

mechanisms among modern phytoplankton. Mesoscale iron
fertilization experiments often result in blooms dominated

by diatoms [2], indicating that diatoms have adaptations
that allow survival in iron-limited waters and rapid multipli-

cation when iron becomes available. Yet the genetic and
molecular bases are unclear, as very few iron uptake genes

have been functionally characterized frommarine eukaryotic
phytoplankton, and large portions of diatom iron starvation

transcriptomes are genes encoding unknown functions
[3–5]. Here we show that the marine diatom Phaeodactylum

tricornutum utilizes ISIP2a to concentrate Fe(III) at the
cell surface as part of a novel, copper-independent and

thermodynamically controlled iron uptake system. ISIP2a
is expressed in response to iron limitation several days

prior to the induction of ferrireductase activity, and it facili-
tates significant Fe(III) uptake during the initial response

to Fe limitation. ISIP2a is able to directly bind Fe(III)
and increase iron uptake when heterologously expressed,
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whereas knockdown of ISIP2a in P. tricornutum decreases

iron uptake, resulting in impaired growth and chlorosis dur-
ing iron limitation. ISIP2a is expressed by diverse marine

phytoplankton, indicating that it is an ecologically signifi-
cant adaptation to the unique nutrient composition ofmarine

environments.

Results and Discussion

The transition metal profile of the open ocean differs greatly
from that of terrestrial environments, including extremely
low iron levels in surface seawater (0.02–1 nM) [6]. Classic
iron uptake systems with affinity constants in the nanomolar
range are unknown [7], confounding bioinformatics-based
predictions based on homology to systems from less
extreme environments and suggesting that marine-specific
mechanisms exist. Indeed, of the seven most highly ex-
pressed genes in iron-starved Phaeodactylum tricornutum,
five are of unknown function [3]. Other low-iron-quota marine
diatoms [5] share a group of these diverse iron-regu-
lated genes, named the iron-starvation-induced proteins, or
ISIPs (Figure 1A). These transcripts were also present in
iron-limited environmental metatranscriptomes [8, 9], and
their expression was downregulated in response to addition
of iron [8].

Heterologous Expression of ISIP2a Results in Iron Uptake

To determine whether ISIPs could play a role in iron
uptake, we heterologously expressed candidate genes
from P. tricornutum in different yeast strains, including the
Dfet3Dfet4 mutant, an iron-uptake-defective yeast mutant.
ISIP2a, but not ISIP1 nor ISIP3, partially rescued the mutant
by increasing iron uptake (Figures 1B and 1C). Heterologous
expression of ISIP2a in both yeast and Escherichia coli
resulted in enhancement of the native iron uptake pathways
of these species, suggesting that the protein binds intracel-
lular iron (Figure S1 available online). When expressed in
E. coli, the purified full-length ISIP2a and the N-terminal and
C-terminal subdomains all bound iron (Figure 1D).

ISIP2aEncodes aCell-Surface Protein and Is FoundOnly in
Marine Algal Genomes

ISIP2a combines two related subdomains, previously named
the ‘‘ISIP2 subdomains’’ [5] (Figures 2A, 2B, and S1D). The
N-terminal subdomain is highly conserved in the brown algal
lineage, whereas the C-terminal subdomain is found in both
brown and green lineages (Figure S1D). The C-terminal sub-
domain has a distant similarity to Fea1 (15% identity and
27% similarity), an unanchored single-domain protein first
identified in the marine microalga Chlorococcum littorale [11]
and thenChlamydomonas reinhardtii [12], proposed (although
never shown) to concentrate iron in the periplasmic space to
facilitate uptake [12–14].
Hydrophobic cluster analysis of the predicted secondary

structures shows no obvious topohydrophobic conservation
between CrFea1 and PtISIP2a, and the latter contains a puta-
tive ATP/GTP binding site that is not present in Fea1 (Fig-
ure 2C), suggesting that they are functionally different. Indeed,
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Figure 1. Heterologous Expression of ISIP2a Increases Iron Uptake, and ISIP2a Directly Binds Iron

(A) Distribution of ISIP genes in marine phytoplankton. The genes encoding iron-starvation-induced proteins, or ISIPs, are the most highly expressed genes

in response to iron starvation. Besides ISIP2a, the roles of the unrelated but highly iron-responsive ISIP1 and ISIP3 remain unclear, and they are currently

found only in the genomes of brown lineage organisms.

(B) Heterologous expression of ISIP2a partially complements the growth phenotype of the iron uptake mutant yeast strain Dfet3Dfet4 (compared to the

empty vector mutant pVV208 and the positive control, Arabidopsis iron transporter IRT1). Ratios represent dilution factors. See also Figure S1.

(C) ISIP2a increases 55Fe uptake in the Dfet3Dfet4 yeast mutant from several iron sources compared to the empty vector line and the mutant alone

(grown without selection). 55Fe was supplied for 1 hr to cells harvested in exponential growth phase (in minimum, YNB medium) and resuspended at

100 3 106 cells/ml in YNB medium (n = 3 biological replicates; error bars represent the SEM).

(D) Iron associated with full-length ISIP2a protein, ISIP2a truncations, and maltose-binding protein (MBP) alone. Each of the proteins were purified from

E. coli and loaded with 55Fe as described in the Experimental Procedures (n = 3; error bars represent the SEM).

See also Figure S1.
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iron binding to purified ISIP2a did not occur spontaneously
in vitro, unless whole-cell extracts of P. tricornutum and ATP
were added to the reaction mixture (Figure 1D).

While other predicted proteins containing ISIP2a-like
subdomains are present in the genomes of the high-iron-
quota diatom Thalassiosira pseudonana and marine green
algae, the fusion of the two N-terminal and C-terminal sub-
domains is unique and highly conserved in diatoms adapted
to low-iron environments, like P. tricornutum, T. oceanica,
and F. cylindrus (Figures 1A and 2B). For reference,
P. tricornutum is 1,000 times more tolerant to iron limitation
than is T. pseudonana [15], which lacks ISIP2a (Figure 1A).

PtISIP2a is predicted to have one transmembrane span near
the C terminus, with the protein protruding extracellularly
(Figure 2A). The cell-surface localization was confirmed in
P. tricornutum by generation of transgenic lines containing
the ISIP2a fused to YFP (Figure 2D), indicating that ISIP2a
may play a role in iron binding at the extracellular surface.
ToISIP2a and FcISIP2a are also predicted to be secreted to
the cell surface [5], suggesting a conserved function. The
ISIP2a-YFP fusion was also membrane localized in yeast (Fig-
ure 2E) and complemented the Dfet3Dfet4 mutant (data not
shown).
Fe(III) Binding by ISIP2a Is an Integral Part of the Initial
Response to Iron Deficiency in Diatoms

To define the importance of ISIP2a function during iron limita-
tion, we generated antisense lines for ISIP2a in P. tricornutum.
The knockdown lines show normal growth under iron suffi-
ciency; however, after 2 days of iron limitation they have
decreased ISIP2a mRNA levels (Figure 3A), and they have
significantly reduced chlorophyll levels after 21 days (Fig-
ure 3B). Growth of the knockdown lines is impaired after only
3 days of iron limitation (Figure 3C). This indicates that ISIP2a
is an integral adaptation to iron limitation.
To determine whether the phenotypes of the isip2a knock-

down lines are caused by altered iron uptake, we measured
the kinetics of 55Fe/59Fe uptake in the isip2a-13 and isip2a-
10 knockdown lines grown for various periods of time in
different 6Fe/6Cu media (Figure S2). Our results show that
Fe(III) uptakewas induced in iron-deficient medium (Figure 3D)
prior to induction of the cell ferrireductase activity (Figures 3E
and S2A). Indeed, when exposed to Fe limitation for w4 days,
iron uptake was significantly decreased (by 50%) in the isip2a
knockdown lines compared to the empty vector line (Fig-
ure 3D). In this initial response to Fe deficiency, uptake of ferric
iron (Figure 3D) was much more affected than uptake of
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Figure 2. ISIP2a Is a Cell-Surface Protein Composed of Two Subdomains Found Only in Eukaryotic Marine Algal Genomes

(A) ISIP2a combines the novel but related ISIP2 subdomains ISIP2-N and ISIP2-C [5] and a transmembrane span. The marine green algae Ostreococcus

lucimarinus, Ostreococcus RCC809, and Micromonas pusilla also possess ISIP2a-like proteins; however, the N-terminal subdomain is unique to green

algae, whereas its C-terminal subdomain is more conserved with ISIP2a from the brown lineage (Figure S1D).

(B) The diversity of ISIP2 subdomain utilization inmarine phytoplankton.While freshwater green algae likeC. reinhardtii secrete a small Fea1 protein into the

periplasmic space, the protein lacks strong homology to PtISIP2a. However, in sequenced marine phytoplankton ISIP2 subdomains are ubiquitous and are

predicted to exist in diverse configurations. E. huxleyi and E. siliculosus both possess ISIP2x4, a large protein containing a string of four ISIP2 C-terminal

subdomains, whereas T. oceanica contains an ISIP2x8 subdomain protein. WSC is a putative carbohydrate binding domain predicted to be attached to two

ISIP2 C-terminal subdomains in E. siliculosus.

(C) Hydrophobic cluster analysis of CrFea1 and PtISIP2a shows that the predicted protein structures are highly divergent. The red rectangle indicates the

position of a putative GTP/ATP binding site present in ISIP2a, but not Fea1. There is no obvious similarity in the arrangement of cysteine residues (high-

lighted in yellow): the C-terminal domain of PtISIP2a has 20, whereas CrFEA1 has only eight. This is significant because cysteine residues are often asso-

ciated with iron binding. Combined with the lack of homology, this suggests that CrFEA1 and PtISIP2a are fundamentally different proteins. Hydrophobic

amino acid clusters are outlined to show potential secondary structures: horizontal clusters are mainly associated with a helices, and vertical clusters are

associated with b strands. Stars represent proline, black diamonds represent glycine, squares represent threonine, and dotted squares represent serine. A

dictionary of hydrophobic cluster features has been published [10]. The figure was generated at http://bioserv.impmc.jussieu.fr/.

(D) ISIP2a-YFP localizes to the cell surface in P. tricornutum. Yellow represents YFP, and orange represents chlorophyll autofluorescence.

(E) ISIP2a-YFP is localized to the cell surface when heterologously expressed in yeast. Yellow represents YFP.
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ferrous iron in the isip2a knockdown lines (Figure S2C), sug-
gesting that ISIP2a facilitates Fe(III) transport. Furthermore,
ferric iron uptake was copper independent (Figures 3D and
3E) [15], in contrast to the classical ferric uptake systems char-
acterized in yeast and Chlamydomonas [18, 19]. After more
than 1 week of growth in iron-deficient conditions (2Fe,
2Cu), ferrireductase activity of the cells was induced in both
the wild-type and isip2a knockdown lines (Figure S2A), and
the kinetics of iron uptake changed: cells exhibiting a high fer-
rireductase activity (2Fe,2Cu) were less dependent on ISIP2a
for ferric iron uptake (ISIP2a contributedw15% to the total Fe
uptake) than were cells with repressed ferrireductase activity
(Figure 3E). We therefore propose that ISIP2a is involved in
ferric iron uptake in the initial response to iron deprivation,
prior to induction of amore conventional reductivemechanism
of iron uptake (Figures 3F and S2A–S2D). Altogether, the
severely impaired growth and chlorosis of the isip2a knock-
down lines indicate that the binding and utilization of Fe(III)
at the cell surface by ISIP2a is a significant component of the
initial response to iron deficiency.

http://bioserv.impmc.jussieu.fr/
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Figure 3. Fe(III) Binding at the Cell Surface by ISIP2a Is the First Step of an Iron Uptake System Integral to Survival in Low-Iron Environments

(A) ISIP2a mRNA levels in P. tricornutum antisense lines in response to 2 days of iron limitation (n = 3 biological replicates, normalized to empty vector

expression under iron limitation [–Fe]; error bars represent the SEM).

(B) Chlorophyll a levels of the antisense lines after 21 days under iron limitation (*p < 0.001 from t test; n = 6 biological replicates; error bars represent

the SEM).

(C) Growth of P. tricornutum isip2a antisense lines (circles) compared to the empty vector control line (squares). The cells were grown for 1 week in iron-free

Mf medium and were then inoculated at about 0.5 3 106 cells/ml in Mf medium containing either 1 nM ferric citrate (1:20; iron-deficient conditions; open

symbols) or 100 nM ferric citrate (1:20; iron-sufficient conditions; closed symbols). Growth was monitored by flow cytometry (*p < 0.01 from t test; n = 3

biological replicates; error bars represent the SEM).

(D) Copper-independent iron uptake from 0.3 mM 59Fe(III)-EDTA (1:1.2) by cells of the empty vector line (squares) and of the isip2a-13 antisense line (circles).

The cells were grown for 4 days in the following media: (1)2Fe,2Cu (open symbols); (2) 2Fe, +Cu (gray symbols); or (3) +Fe, +Cu (black symbols) (see the

Experimental Procedures and Figure S2 for precise descriptions of media andmethodology; note that the ferrireductase activity of cells was repressed in all

conditions—Figure S2A). Cells were washed twice by centrifugation with iron- and copper-freemedium andwere resuspended in the samemedium (pH 7.5)

at a cell density of 10 3 106 cells/ml before addition of 0.3 mM 59Fe. At the indicated times, cells were withdrawn and washed three times on a filter with a

washing solution containing oxalate and EDTA, as previously described [16]. The filters were counted with a gamma counter (n = 3; error bars represent

the SEM).

(E) Copper-independent iron uptake from 0.3 mM ferric EDTA (1:1.2; 59Fe) by cells grown for 10 days in6Fe/Cu conditions. This figure should be compared

with Figure 3D, for which cells were harvested after 4 days of growth. Here, the cell ferrireductase activity was induced in both the wild-type and isip2a-13

antisense cell lines in the condition ‘‘2Fe,2Cu’’ only. This figure shows that ISIP2awas strongly involved in ferric iron uptakewhen the ferrireductase activity

was repressed (‘‘2Fe, +Cu’’ condition after 10 days, E; and all conditions after 4 days, D), but the effect of ISIP2a knockdown wasmuch less important when

the cells had induced ferrireductase activity (‘‘2Fe, 2Cu’’ condition). Results are the mean 6 SEM from three experiments.

(F) The proposed model for the novel ISIP2a-based iron uptake system in P. tricornutum is independent of the classical reductase-based system. Fe(III)

binding by ISIP2a is controlled thermodynamically according to a dissociative mechanism and is the irreversible first step of a nonreductive iron uptake

system. This is in contrast to the classical iron uptake system of yeast and the freshwatermodel algaC. reinhardtii, in which Fe(III) is displaced from its ligand

by a ferrireductase (Fre) and then reoxidized by the multicopper oxidase (Fet) and channeled through the Fe(III) permease (Ftr). Such a reductive system

most likely also exists in P. tricornutum. Ferrireductase activity of the cells is induced after extended periods of iron limitation, although it occurs several

days after ISIP2a-mediated iron uptake has already begun (see Figure S2). Photolysis of Fe(III) from strong ligands followed by reoxidation has been pre-

viously proposed to generate Fe(III)0 available to eukaryotic phytoplankton [17], which could then be irreversibly bound and concentrated at the cell surface

by ISIP2a. However, ISIP2a iron binding occurs in both the day and night, and light does not increase iron uptake or iron loading of the ISIP2a protein band

(Figure S3D). The subsequent step of iron internalization is unclear and could involve other ISIP proteins (Figure 1A).

See also Figures S2 and S3.
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Further evidence that the concentration of Fe(III) at the cell
surface is of importance in diatoms is that ISIP2a is found in
the most abundant iron-protein band in P. tricornutum cells
that have been loaded with 55Fe in vivo [20] and that the
band is visibly diminished in the knockdown line grown for
5 days in low Fe (Figure S3A). Like ISIP2a expression, this
band is strongly induced by iron starvation and was barely
observable in iron-replete cells (Figure S3A). Iron loading of
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this band was impaired by the addition of an Fe(III) chelator,
but not an Fe(II) chelator (Figure S3B), providing further evi-
dence of the Fe(III) specificity of ISIP2a. Loading also occurred
when Fe(II) was the iron source, but this was abolished by the
addition of an Fe(III) chelator, indicating that ISIP2a loads
ferrous iron sources that have been oxidized (Figure S3B),
which may explain the small but significant decrease in iron
uptake from a ferrous iron source in the isip2a knockdown
lines (Figure S2C). Once loaded, iron is no longer accessible
to strong chelators, indicating that binding is not readily
reversible (Figure S3C).

Uptake of Fe(III) peaks during the night (Figure S3D), as does
diel expression of ISIP2a [21], and the ISIP2a-associated iron
band is present at higher concentrations at night than during
the day (Figure S3D). Accordingly, in the isip2a-13 knockdown
line, Fe(III) uptake is diminished more strongly during the night
(Figure S3D). The only metal that clearly competed for binding
to the ISIP2a protein band was gallium, a metal that has no
known biological function but is able to replace Fe(III) in pro-
teins [22] (Figure S3E).

ISIP2a Is Part of a Nonreductive Fe(III) Uptake Mechanism
Adapted to the Diffuse Marine Environment

Ferrireductase activity in P. tricornutum can be induced after
w1 week in iron starvation (Figure S2) [20]. However, our
short-term experiments did not extend beyond 5 days, and
ferric reductase activity remained repressed. This indicates
that ISIP2a-mediated Fe(III) uptake is nonreductive. This also
suggests that the late induction of ferrireductase activity under
extended periods of iron limitation could serve to augment the
supply of soluble aqueous iron by releasing iron from strong li-
gands that ISIP2a alone cannot readily utilize. However, ISIP2a
is likely to be an adaptation to the iron-deficient open ocean,
where weak iron ligands such as saccharides are abundant
(relative to strong bacterial siderophores) and have been
demonstrated to significantly increase iron uptake in diatoms
[23]. Additionally, ISIP2a-possessing marine haptophytes
and diatoms have been shown to secrete organic compounds
with weak iron-binding properties [24]. Fe(III) uptake in
P. tricornutum is also copper independent (Figures 3D, 3E,
and S2) [14], in contrast to the reductive systems character-
ized in yeast and Chlamydomonas, as well as that in the halo-
phyte Dunaliella salina, where a plasma membrane transferrin
and multicopper ferroxidase form an Fe(III) uptake complex
[25, 26].

Iron incorporation into the ISIP2a-associated protein band is
directly proportional to the concentration of unchelated ferric
iron [Fe(III)] and was thus strongly inhibited by ferric chelators
(in proportion to the stability constant, KS, of the complexes
that these chelators can form with iron) or by increase of the
ligand-to-iron ratio in solution for one particular chelator (cit-
rate in Figures S2D and S3F). This critical dependence (in the
first step of iron binding and uptake) on the KS of the ferric
complexes is characteristic of thermodynamic control in a
dissociative mechanism of iron uptake. This property strongly
decreased when cellular ferrireductase activity was induced
(Figure S2D), indicating that the cells are also able to use the
kinetically controlled reductive mechanism of iron uptake,
like most unicellular eukaryotes (including yeast and Chlamy-
domonas), which escape this thermodynamic control via
a reduction step, followed by reoxidation and channeling
of iron through a high-affinity, copper-dependent oxidase/
permease system [19] (Figure 3F). However, the need for cop-
per in reductive iron uptake (as well as nonreductive iron
uptake) was not observed in P. tricornutum (Figure S2), unlike
what was reported in Thalassiosira species [27], but in agree-
ment with previous observations in P. tricornutum [15]. In such
kinetically controlled uptake, the iron uptake rate from ferric
chelates is less dependent on the KS of the complexes
because (1) the reduction step tremendously increases the ac-
tivity of iron (namely the rate of ligand exchange) [28] and (2)
the channeling mechanism of uptake that follows makes Fe(III)
poorly accessible to chelators immediately prior to entering
the Ftr1 permease system, whereas uptake is inhibited by
Fe(II) chelators [29, 30]. Again, this is in contrast to ISIP2a-
mediated uptake, where Fe(II) chelators have no effect on
ISIP2a iron binding (Figure S3B).
Unlike C. reinhardtii, diverse marine phytoplankton contain

ISIP2a (Figure 4). Comparison of the iron uptake kinetics of
C. reinhardtii and P. tricornutum further illustrates the funda-
mental differences between reductive and nonreductive iron
uptake systems in these species. The rate of iron uptake
from Fe(III)-citrate (1:10) was similar in both species, but
increasing the citrate-to-iron ratio (i.e., decreasing [Fe(III)])
dramatically decreases the iron uptake rate during the early
response phase to iron deprivation in P. tricornutum (Figures
S3F and S4A), but not in C. reinhardtii (Figure S4A). The reduc-
tion-driven system used by C. reinhardtii also takes up iron
bound to a strong ferric ligand (EDTA) much more rapidly
than the nonreductive P. tricornutum system (Figure S4B;
although the efficiency of the uptake process is much higher
in P. tricornutum than in C. reinhardtii: 0.1 mM ferric EDTA is
limiting for the growth of this latter species, not for the former).
This further supports the hypothesis that iron uptake by eu-
karyotic phytoplankton in the marine environment is adapted
to utilize ferric iron bound by weak ligands such as saccha-
rides [23].
Based on these results, we conclude that ISIP2a-utilizing

diatoms possess a fundamentally novel iron uptake system
(Figure 3F), in addition to a ferrireductase-based iron system,
which remains uncharacterized. When inorganic Fe concen-
trations are extremely low, like in Fe-limited regions of the
open ocean (w10214 M [32]), ISIP2a might concentrate free
Fe(III) at the cell surface by thermodynamically controlled
binding of Fe to the protein, drawing the equilibrium away
from the bulk phase toward Fe bound to ISIP2a. This two-
step, nonreversible binding may underlie the tremendous effi-
ciency of iron uptake by some marine microalgae. Thirty years
ago, it was proposed that diatoms overcome the diffuse and
oxic marine environment by first binding Fe(III) at the cell sur-
face via the hypothetical protein ‘‘phytotransferrin’’ [33]. The
lack of molecular biology and genomic tools prevented further
investigation into the existence of phytotransferrin at that time.
Our discovery of the widely utilized ISIP2a (Figure 4) supports
the hypothesis that the ability to concentrate Fe(III) at the cell
surface might be an integral adaptation to the low-iron envi-
ronments of the contemporary ocean.

The Ecological Significance of ISIP2a Is Illustrated by Its
Presence in Diverse Marine Metatranscriptomes

Theecological significanceof ISIP2a is illustratedby its expres-
sion by diverse marine lineages (including diatoms, hapto-
phytes, and dinoflagellates) in metatranscriptomic datasets
from Antarctica and Monterey Bay (Figure 4). Marine green
algae also express a gene similar to ISIP2a (Figure 4) in which
the ISIP2 C-terminal subdomain and transmembrane span
are conserved but are attached to an N-terminal subdomain
unique to marine green algae (Figures S1D and 4). In marine



Figure 4. The Prevalence of ISIP2a Expression in Eukaryotic Phytoplankton Communities Illustrates Its Ecological Significance in the Marine Environment

Transcripts for ISIP2a based on algal reference sequences [31] from diverse eukaryotic lineages are abundant in Antarctica (red) and Monterey Bay (blue)

metatranscriptomes. The sizes of the circles are proportional to the normalized expression levels of each taxon at the corresponding site. Bootstrap support

values <50% are omitted. Branches with bootstrap support values R90% are indicated with thick lines. See also Figure S4.
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environments, the ISIP2C-terminal subdomain also appears to
be widely utilized in many diverse configurations (Figure 2B),
suggesting that it plays an integral and cosmopolitan role in
marine iron homeostasis. By contrast, ISIP1 and ISIP3 have
currently been found only in diatoms and haptophytes (Fig-
ure 1A). Thus, whereas ISIP2a is an adaptation to the marine
environment utilized by diverse phytoplankton lineages, ISIP1
and ISIP3 are adaptations to iron limitation specific to chloro-
phyll-c lineages. The subsequent step of iron internalization
remains unclear, and prediction is confounded by the number
of iron-regulated genes of unknown function predicted to be
secreted to the cell surface together with ISIP2a [3, 5]. Further
work is required to understand whether they are also involved
in the Fe(III) uptake system reported here.
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