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Abstract The photosynthetic picocyanobacteria and

eukaryotic microorganisms that inhabit the open

ocean must be able to supply iron for their photosyn-

thetic and respiratory needs from the subnanomolar

concentrations available in seawater. Neither group

appears to produce siderophores, although some

coastal cyanobacteria do. This is interpreted as an

adaptation to the dilute oceanic environment rather

than a phylogenetic constraint, since there are cases in

which related taxa from different environments have

the capacity to produce siderophores. Most photosyn-

thetic marine microorganisms are presumably,

however, capable of accessing iron from strong

chelates since the majority of dissolved iron in

seawater is complexed by organic ligands, including

siderophores. Rather than direct internalization of

siderophores and other iron chelates, marine organ-

isms primarily appear to use uptake pathways that

involve a reduction step to free bound iron, closely

coupled with transport into the cell.
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Introduction

The low solubility of iron in oxic seawater in con-

junction with minimal external supplies results in sub-

nanomolar iron concentrations throughout most of the

ocean (Johnson et al. 1997; Measures et al. 2008). In

approximately one-third of the surface ocean iron

supply is so low that it limits the growth of resident

phytoplankton, the photosynthetic prokaryotes and

eukaryotes which are responsible for carbon fixation in

pelagic waters and form the base of open-ocean food

chains. Phytoplankton have high iron requirements

due to the pervasive use of heme co-factors and iron-

sulfur clusters for electron transport in photosynthetic

proteins (Raven 1990). Acquisition of the scarce iron

that is present in seawater is complicated by the fact

that it is nearly completely complexed to organic

ligands of unknown structures (Gledhill and van den

Berg 1994; Rue and Bruland 1995; Wu and Luther

1995). It has been hypothesized that siderophores may

be used by microorganisms to access iron from this

ligand-bound pool, or that the natural ligands may

themselves be siderophores, leading to an interest in

the role of siderophores in the ocean.

Siderophores are important in iron acquisition for

diverse organisms in environments as different as the

human body and soils. However, the dilute nature of

the pelagic marine environment promotes large

diffusive losses and renders the efficiency of sider-

ophore-based iron uptake strategies problematic.

Nonetheless many heterotrophic marine bacteria are
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known to synthesize siderophores, and transport both

their own siderophores as well as those produced by

other organisms (Reid et al. 1993; Granger and Price

1999; Martinez et al. 2000). The use of siderophores

in the marine environment is not well understood, and

it may be that these marine bacteria use siderophores

primarily when attached to particles where losses by

diffusion could be reduced and particulate sources of

iron may be available.

The use of siderophores by marine phytoplankton

has also been the subject of much research, although

the findings have been somewhat complicated. The

phytoplankton, which dominate primary production in

the open-ocean, are unicellular and free-living, rely-

ing on diffusive fluxes of nutrients for growth. For

such organisms the problem of diffusive loss of

secreted siderophores is most significant. A theoret-

ical study of this problem suggests that the use of

siderophores may not be prohibitively wasteful for

individual cells greater than several microns in size or

for populations greater than roughly 1,000 cells/ml

(Volker and Wolf-Gladrow 1999). These results

indicate that siderophore production is not out of the

question for the many photosynthetic microorganisms

that satisfy one of these conditions in the ocean.

Nonetheless, it seems that only a small number of

marine photosynthetic organisms produce their own

siderophores. In contrast many photosynthetic micro-

organisms are capable of acquiring iron from organic

chelates, including siderophores, through mechanisms

that are beginning to be understood.

Siderophore production

Both prokaryotes and eukaryotes are known to

produce siderophores, notably heterotrophic bacteria

and fungi which are rich sources of novel iron binding

compounds. The enzymatic pathways by which

bacteria and fungi biosynthesize selected siderophores

have been determined. Like many secondary metab-

olites, modular nonribosomal peptide synthetase

(NRPS) systems and in some cases mixed NRPS-

polyketide synthetase (PKS) systems are used to

produce numerous hydroxamate and catecholate sid-

erophores (Crosa and Walsh 2002; Haas et al. 2008).

Several common bacterial siderophores, including

citrate-based siderophores and ferrioxamines, are

synthesized via an unrelated pathway termed the

NRPS-independent siderophore (NIS) biosynthetic

pathway (Challis 2005). Graminaceous plants have

independently developed the use of siderophores,

producing tricarboxylic acid chelators such as mugi-

neic acid which form weaker iron complexes than

hydroxamate or catecholate siderophores but play a

similar physiological role (Curie and Briat 2003). The

knowledge that siderophore production has been

acquired or evolved in multiple prokaryotic and

eukaryotic lineages has enhanced interest in the

potential for siderophore production and uptake by

marine microorganisms who must survive in an

environment with limited iron availability.

Heterotrophic marine bacteria often produce sidero-

phores and a substantial number of these compounds

have been isolated and structurally characterized

(Reid et al. 1993; Martinez et al. 2000; Butler 2005).

A distinctive characteristic of marine siderophores is

the frequent presence of a hydrophobic fatty acid tail

imparting an amphiphilic character to the compound

(Martinez et al. 2003). Marine siderophores produced

by a single organism are commonly found in suites,

their structures differing only by the length of the

fatty acid tail, a feature that regulates the hydrophobic-

ity of the compounds, modulating diffusion from the

organism itself or the particle it inhabits (Martinez et al.

2000).

Despite their occurrence in marine heterotrophic

bacteria, siderophores do not appear to be commonly

produced by marine cyanobacteria and no clear cases

of classical siderophore production have been docu-

mented in eukaryotic marine phytoplankton. Marine

cyanobacteria fall into several phylogenetic lineages

(Honda et al. 1999; Shi and Falkowski 2008). Ecolog-

ically the most important are a monophyletic group of

small (*1 lm) unicellular cyanobacteria composed

of species of Prochlorococcus and Synechococcus,

which dominate regions of low-productivity in the

ocean. This group will be referred to as the ‘‘picocy-

anobacteria’’ to avoid confusion with other lineages

that also contain species called Synechococcus despite

varying degrees of relatedness among these groups.

The nitrogen fixers also form a distinct lineage

amongst cyanobacteria; among those a few species

such as Trichodesmium sp. and Crocosphaera watsonii

are important in the open ocean.

The only marine cyanobacterium from which a

siderophore has been isolated and structurally char-

acterized is Synechococcus sp. PCC 7002, a coastal
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organism distinct from the picocyanobacteria, which

produces a suite of amphiphilic siderophores termed

synechobactins differing only in the lengths of the

fatty acid tails (Ito and Butler 2005). The iron-

binding portion of the synechobactins is identical to

schizokinen, a citrate-based siderophore which pro-

vides hexadentate chelation for Fe(III) through a

single a-hydroxy acid group and two hydroxamate

functional groups (Fig. 1a). Schizokinen has previ-

ously been isolated from a nitrogen-fixing freshwater

cyanobacterium Anabaena sp. PCC 7120, also known

as Nostoc sp. PCC 7120 (Simpson and Neilands

1976). While synechobactins are currently the only

siderophores that have been structurally characterized

from marine cyanobacteria, iron-binding compounds

with hydroxamate and catecholate moieties typical of

siderophores have been reported to be produced by

additional marine species (Wilhelm and Trick 1994).

Cyanobacteria as a group have not traditionally been

known to produce many siderophores. In fact only

two other siderophores have been structurally char-

acterized from cyanobacteria, the anachelins, which

are peptide siderophores with unusual functional

groups obtained from the freshwater cyanobacterium

Anabaena cylindrica (Ito et al. 2001, 2004).

The recent proliferation of genome sequences for

marine cyanobacteria has provided a new perspective

on siderophore use and production in these organisms.

Although the biosynthetic pathways of siderophore

synthesis have not been explored in cyanobacteria, the

genes involved have been thoroughly studied in

heterotrophic bacteria as summarized above. Citrate-

based siderophores, which include schizokinen and the

synechobactins, are synthesized via the NIS biosyn-

thetic pathway whose key genes are well-conserved

(Challis 2005). Homologs of NIS genes were found in

the genomes of cyanobacteria from which citrate-

based siderophores have been isolated providing a

plausible route for their biosynthesis (Table 1). The

schizokinen producing Anabaena sp. PCC 7120 and

synechobactin producing Synechococcus sp. PCC

7002 each contain in their genomes two members of

the IucA/IucC protein family that catalyze amide bond

formations between the citrate backbone and hydroxa-

mate containing amine units, as well as a single copy of

an IucD homolog involved in formation of the

hydroxamate iron-binding groups. The only other

cyanobacterial genome in which these NIS genes were

found was Anabaena variabilis ATCC 29413, a

relative of Anabaena sp. PCC 7120, indicating the

synthesis of these siderophores is restricted to selected

cyanobacterial lineages (Table 1; Palenik et al. 2003).

Other siderophores are commonly synthesized by

NRPS or mixed NRPS/PKS pathways. Genes for

components of these pathways are more commonly

found in cyanobacterial genomes, including the marine

nitrogen fixers T. erythraeum IMS101 and Crocosph-

aera watsonii WH8501, although only one marginal

hit was identified in the marine picocyanobacteria

(Table 1). In the case of Anabaena sp. PCC 7120,

knockouts of certain NRPS clusters resulted in

impairments in growth under iron stress and decreased

production of siderophores implicating these clusters

in siderophore biosynthesis (Jeanjean et al. 2008).

However, NRPS and PKS pathways are used to

synthesize a great diversity of compounds and it is

currently difficult to predict the exact product synthe-

sized based solely on genetic information. The

presence of NRPS and PKS genes in cyanobacterial

genomes leaves open the possibility that they produce

siderophores via these pathways, but by no means

requires it. One notable feature of the distribution of

NRPS/PKS and NIS genes is their absence (except for

one weak hit to an NRPS domain) from the picocy-

anobacterial lineages which dominate primary produc-

tion in oligotrophic regions.

Several metal binding compounds have been

detected in cultures of eukaryotic marine phytoplank-

ton, but none of these compounds have been shown to be

siderophores. There are early reports of iron-binding

compounds with hydroxamate or catecholate functional

Fig. 1 a The structure of schizokinen/synechobactin sidero-

phores which have been isolated from freshwater and marine

cyanobacteria (Simpson and Neilands 1976; Ito and Butler 2005).

b The structure of domoic acid, a neurotoxin and hypothesized

metal chelator, produced by diatoms of the genus Pseudonitzs-
chia. c The structure of a phytosiderophore, mugineic acid, is

shown to illustrate similarities previously noted between this

compound and domoic acid (Rue and Bruland 2001)
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groups typical of siderophores being extracted from

cultures of various eukaryotic phytoplankton including

dinoflagellates and diatoms (Trick et al. 1983a, b).

However, no compounds were structurally character-

ized in these studies and subsequent work has failed to

reproduce the results (Soria-Dengg and Horstmann

1995). It is suspected that contaminating bacteria may

have been responsible for production of the compounds

with characteristics of siderophores (Sunda 2001).

Using electrochemical ligand competition methods,

production of iron binding compounds of unknown

chemical identity has been detected in response to iron

addition in cultures of the coccolithophore Emiliania

huxleyi (Boye and van den Berg 2000). This response is

opposite to that expected of siderophore production,

which is upregulated under iron stress and turned off

when iron is sufficient. Thus it seems unlikely that the

secreted compounds are classic siderophores, but the

response may be adaptive in the surface ocean where

newly available iron is rapidly lost by precipitation and

settling to deep seawaters if not complexed to dissolved

chelators.

One compound secreted by a phytoplanktonic

marine eukaryote, the diatom toxin domoic acid, has

been implicated in metal uptake. This neurotoxin,

produced by species of Pseudonitzschia, is a small

organic compound containing three carboxylic acid

groups similar to siderophores of graminaceous plants

Table 1 Putative siderophore biosynthesis and transport proteins in cyanobacterial genomes

Organism IucA/IucC IucD NRPS (condensation domain) TonB dependent receptors

Freshwater cyanobacteria

Anabaena sp. PCC 7120 2 1 14 23

Anabaena variabilis ATCC 29413 2 1 21 10

Cyanothece sp. ATCC 51142 0 0 13 1

Cyanothece sp. CCY0110 0 0 14 1

Gloeobacter violaceus PCC 7421 0 0 0 32

Microcystis aeruginosa NIES-843 0 0 19 0

Nostoc punctiforme PCC 73102 0 0 51 2

Synechococcus elongatus PCC 6301 0 0 0 0

Synechococcus elongatus PCC 7942 0 0 0 0

Synechococcus sp. JA-2-3B’a(2-13) 0 0 0 2

Synechococcus sp. JA-3-3Ab 0 0 0 2

Synechocystis sp. PCC 6803 0 0 0 4

Thermosynechococcus elongatus BP-1 0 0 0 0

Marine cyanobacteria

Acaryochloris marina MBIC11017 0 0 10 12

Crocosphaera watsonii WH 8501 0 0 19 0

Lyngbya aestuarii CCY9616 0 0 0 0

Nodularia spumigena CCY9414 0 0 30 3

Synechococcus sp. PCC 7002 2 1 0 7

Trichodesmium erythraeum IMS101 0 0 2 0

Marine picocyanobacteria

Synechococcus spp. 0/10 0/10 0/10 0/10

Prochlorococcus spp. 0/12 0/12 1/12 0/12

PFAM Hidden Markov Models were used to search cyanobacterial genomes for components of NIS siderophore biosynthesis (IucA/

IucC-PF04183; IucD-PB1759), NRPS condensation domains (PF0688), and TonB dependent outer membrane receptors (PF00593). In

all the marine picocyanobacteria searched there was only a single weak hit to an NRPS condensation domain in one organism

(Prochlorococcus sp. MIT9303) and so the results were grouped together and reported as number of hits for total number of genomes

searched. These genomes were: Synechococcus BL107, S. CC9311, S. CC9605, S. CC9902, S. RCC307, S. RS9917, S. WH5701,

S. WH7803, S. WH7805, S. WH8102, Prochlorococcus AS9601, P. CCMP1375, P. CCMP1986, P. MIT9211, P. MIT9215,

P. MIT9301, P. MIT9303, P. MIT9312, P. MIT9313, P. MIT9515, P. NATL1A, P. NATL2A. Cutoff thresholds to determine significant

hits for each HMM were: IucA/IucC: 1E-100; IucD: 1E-100; NRPS condensation domains: 1E-14; TonB dependent receptors: 1E-18
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such as mugineic acid (Rue and Bruland 2001; Fig. 1b,

c). The compound complexes iron but with an affinity

too weak to effectively out-compete natural seawater

ligands except at domoic acid concentrations

approaching the highest observed in nature. Domoic

acid also chelates copper and there is evidence that it

may serve both to detoxify copper at high copper

concentrations and to aid in copper uptake at low

copper concentrations (Rue and Bruland 2001; Maldo-

nado et al. 2002; Wells et al. 2005). The production of

domoic acid is enhanced when copper is limiting and

its release increases copper bioavailability (Wells et al.

2005). Domoic acid could consequently play an

indirect role in alleviating iron limitation as copper

may be involved in diatom iron uptake systems, likely

as a component of a multi-copper oxidase (Maldonado

et al. 2006).

To summarize, siderophore production is uncom-

mon in marine phytoplankton. The abundant marine

picocyanobacteria and eukaryotic phytoplankton

which are responsible for much of the primary

production in the open ocean have not been found

to produce siderophores nor have genes involved in

siderophore biosynthesis been identified in their

genomes. Although many of these organisms can be

challenging to work with and extensive investigations

of their secondary metabolites have not been carried

out, their susceptibility to iron limitation by means of

the relatively weak aminocarboxylate chelators, such

as EDTA, in addition to the strong trihydroxamate

siderophore desferrioxamine B (DFB), indicates that

only small quantities of siderophores or weakly

binding ones could be produced (Hudson and Morel

1990; Wells et al. 1994; Sunda and Huntsman 1995;

Henley and Yin 1998; Hutchins et al. 1999a, b).

Despite their inability to produce siderophores,

phytoplankton are capable of accessing siderophore-

bound iron in many cases though usually not by

direct internalization of the siderophore compounds

but rather through generalized mechanisms to acquire

multiple iron forms as discussed below.

Presence of siderophores in the marine

environment

It is known that [99% of dissolved iron is bound to

organic ligands in surface waters of the open ocean

and it has long been speculated that some or all of

these ligands may be siderophores (Rue and Bruland

1995; Wu and Luther 1995). The conditional binding

strengths of natural iron ligands are similar to those

of many isolated marine siderophores, but the elec-

trochemical competitive ligand techniques which are

used to obtain these data provide little information on

the identity of the organic ligands involved, other

than their concentrations and binding strengths. Iron

binding compounds with hydroxamate and catecho-

late functionalities typical of siderophores have been

detected in natural organic matter extracts from

seawater (Rue and Bruland 1995; Macrellis et al.

2001). The distribution of natural iron ligands,

however, is not what might naively be expected of

siderophores, which are generally produced in

response to iron stress. Dissolved iron and ligand

concentrations are positively correlated with each

other throughout the ocean and ligand concentrations

in iron-limited regions are lower than or similar to

those in iron replete areas (Buck and Bruland 2007).

Consistent with this distribution, rapid ligand pro-

duction has consistently been found in response to

experimental addition of iron to iron-limited regions

of both the equatorial Pacific and Southern Ocean

(Rue and Bruland 1997; Boye et al. 2005). Buck and

Bruland (2007) also observed elevated ligand con-

centrations in a region of natural iron fertilization in

the Bering Sea, where oceanic iron-limited waters

were mixed with iron-rich shelf waters. While these

results clearly indicate a biological source for the

ligands produced, the observed distribution is not

obviously consistent with what would be expected for

siderophores.

The natural iron binding ligands likely have

multiple sources. Dissolved organic matter is a

complex mixture of fresh and chemically reworked

compounds some of which may by happenstance

chelate iron (Laglera and van den Berg 2009). The

fact that many trace metals studied are complexed to

organic matter throughout the ocean supports this

hypothesis (e.g. Bruland 1992; Saito and Moffett

2001). Organic exudates which happen to have iron-

binding functionalities released by phytoplankton and

other organisms may also contribute to the ligand

pool. Such ligands could account for the observed

increases in ligand concentrations when iron is added

to iron-limited regions as photosynthetic rates inten-

sify after relief of iron limitation. Additional likely

sources for iron binding ligands include sedimentary
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and riverine organic matter, in which humic sub-

stances contribute to iron binding (Laglera and van

den Berg 2009). But given that marine heterotrophic

bacteria synthesize siderophores it is likely that the

more hydrophilic ones contribute to the natural iron

ligand pool. A recent study by Mawji et al. (2008) is

the first to convincingly report the detection and

concentration of specific siderophores in the ocean.

Both ferrioxamines and amphibactins, classes of

siderophores known to be produced by marine bac-

teria, were detected throughout the North and South

Atlantic. Only ferrioxamines were quantified and the

trihydroxamate siderophores ferrioxamine E and G

were found at concentrations up to 10 pM each

binding as much as 5% of the total dissolved iron in

surface waters. The concentration of these sidero-

phores was correlated with the abundance of

heterotrophic bacteria, implying local production by

these organisms. Iron binding ligands are likely a

complex mix of siderophores, organic exudates, and

humic materials which combine to stabilize dissolved

iron in seawater.

Siderophore uptake

Since the bulk of iron in seawater is bound to strong

chelating agents, there is a clear incentive for

organisms to evolve mechanisms to access organi-

cally bound iron. There is currently little evidence for

direct internalization of siderophores by either

eukaryotic or prokaryotic phytoplankton. However,

both groups appear to be able to acquire iron from

organic chelates using reductive mechanisms with

varying degrees of efficiency depending on the iron

complex and species.

Bacteria typically transport iron bound sidero-

phores through their outer membranes using TonB-

dependent outer membrane receptors, a class of

transporters named for their reliance on the TonB

protein which spans the periplasmic space powering

uptake across the outer membrane (Postle and Kadner

2003). Once inside the periplasmic space ABC

transporters are generally used to internalize sidero-

phores, though in some cases iron is directly taken up

without the siderophore (Schalk 2008). However, the

specificity of ABC transporters is difficult to deter-

mine using bioinformatics so recent genome-based

work has focused on identification of TonB-dependent

receptors. TonB-dependent receptors have not been

studied extensively in cyanobacteria but several with

homology to siderophore receptors have been tenta-

tively characterized in the freshwater cyanobacterium

Synechocystis sp. PCC 6803 (Katoh et al. 2001). This

organism does not produce its own siderophores and

likely uses its TonB-dependent receptors to steal

siderophores produced by other species, a common

strategy practiced by many bacteria (Poole et al. 1990;

Guan et al. 2000). The receptor for schizokinen in

Anabaena sp. PCC 7120 has recently been identified

based on its homology to known hydroxamate sider-

ophore receptors and collocation in the genome with

the schizokenin biosynthesis genes, and its function

was characterized through knock-out mutation

(Nicolaisen et al. 2008). The use of TonB-dependent

receptors to transport siderophores, as occurs in

Anabaena sp. PCC 7120 and Synechocystis sp. PCC

6803, may be common among freshwater and coastal

marine cyanobacteria as such receptors are frequently

present in their genomes (Table 1). However, TonB-

dependent receptors have so far not been found in the

genomes of marine picocyanobacteria and open-ocean

nitrogen fixers (e.g. C. watsonii, T. erythraeum

IMS101), indicating the only known pathway for

siderophore transport by bacteria is absent from the

open-ocean cyanobacteria (Webb et al. 2001; Palenik

et al. 2003, 2006; Table 1).

Although the mechanisms are not always under-

stood, the bioavailability of siderophores to many

marine cyanobacteria has been investigated. Both the

near-shore Synechococcus sp. PCC 7002 and the open-

ocean Synechococcus sp. WH7803, despite its lack of a

traditional siderophore uptake pathway, appear to be

capable of accessing iron from a variety of hydroxa-

mate and catecholate siderophores (Hutchins et al.

1999a, b). Colonies of Trichodesimum sp. collected in

the subtropical Atlantic Ocean were able to access iron

from a range of siderophores including desferriox-

amine, rhodotorulic acid, and ferrichrome, though it

should be noted that other bacterial species associated

with the colonies could have contributed to uptake

(Achilles et al. 2003). The widespread ability to acquire

iron from chelates regardless of siderophore structure

by organisms which appear to lack TonB-dependent

outer membrane receptors suggests that an alternate

uptake pathway is used. The most likely mechanism

involves a reduction of Fe(III) to Fe(II) which weakens

the metal binding and facilitates uptake (Fig. 2).
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Reduction may occur directly at the membrane surface

as in eukaryotes, or perhaps indirectly though an

electron shuttle. Experiments with the benthic marine

cyanobacterium, Lyngbya majuscula, have been inter-

preted as evidence that the radical anion superoxide

serves as such a shuttle (Rose et al. 2005). Recent work

with open-ocean Synechococcus spp. and Trichodes-

mium erythraeum IMS101 shows that both organisms

are capable of reducing iron and, in the case of

T. erythraeum IMS101, the addition of iron(II) chela-

tors reduces rates of iron uptake from siderophores

indicating a reduction step is involved in uptake (Roe

and Barbeau personal communication; Lis and Shaked

personal communication). If these reductive mecha-

nisms are common in cyanobacteria, the observed

differences in siderophore bioavailability may be the

result of differences in iron-chelate reduction potential,

the susceptibility of the iron-siderophore complex to

reduction by an electron shuttle, or the ability of the

siderophores to diffuse through the outer-membrane.

Being near the approximate size limit of compounds

that can pass through porins, iron-siderophore com-

plexes may diffuse slowly through the outer-membrane

of marine cyanobacteria, but at rates sufficient to satisfy

their relatively slow iron uptake. Alternatively, a ligand

exchange process between siderophores in the envi-

ronment and a transporter-bound siderophore could be

occurring (Stinzti et al. 2000). This mechanism, termed

a ‘‘siderophore shuttle’’, has been proposed to explain

indiscriminate siderophore transport in heterotrophic

bacteria, but the current model for this mechanism

requires at least one TonB-dependent outer-membrane

receptor to which the membrane associated siderophore

binds. Although the mechanisms are just beginning to

be understood, the ability to access strong iron chelates

appears common in marine cyanobacteria.

The mechanism by which siderophore iron is

acquired by eukaryotic phytoplankton has been most

well studied in diatoms of the genus Thalassiosira. The

current model for the diatom iron uptake pathway, and

its molecular underpinnings, closely follows that of the

yeast, Saccharomyces cerevisiae (Fig. 2). In this yeast,

iron species, including organic chelates, are reduced by

a ferric reductase at the cell surface releasing Fe(II) that

is then oxidized by a multi-copper ferroxidase in the

cytoplasmic membrane and internalized by a permease

(Kosman 2003). All steps in the process are closely

coupled. Similarly, diatoms reduce siderophores and

other organic iron complexes, a step that weakens iron

binding and facilitates uptake (Soria-Dengg and

Horstmann 1995; Maldonado and Price 2001; Shaked

et al. 2005). Although the production of superoxide by

diatoms results in iron reduction in the bulk medium,

the rapid reoxidation by oxygen results in a futile

reduction–oxidation cycle that does not aid uptake

(Kustka et al. 2005). Instead, the diatom uptake

pathway likely includes cell-surface ferric reductases,

Fig. 2 A diagram of important iron forms in the ocean and

their interaction with the reductive iron uptake pathway

(Shaked et al. 2005). Siderophores (FeSid) are most likely

produced by heterotrophic bacteria and bind iron either from

the particulate or dissolved phase. Siderophore-bound iron

becomes bioavailable to phytoplankton either by cell surface

reduction and uptake or by photoreduction (hv) of iron

complexed to photolabile siderophores. At seawater pH,

reduced iron, Fe(II), is rapidly reoxidized to an inorganic form

(Fe’ denotes all inorganic iron forms). Similarly, iron

complexed to other natural organic ligands (FeY) may be

taken up directly via the reductive uptake pathway or released

to the inorganic pool by photoreduction. Many natural iron

ligands are weaker than siderophores such that Fe’ in

equilibrium with these ligands is a small but readily available

source of iron to the cell. The reducible forms of iron

accessible to the cell surface by diffusion include Fe’, FeY, and

FeSid. These iron forms are reduced by a cell surface

reductase, weakening chelates and facilitating transport of

Fe(II)s (reduced iron at the cell surface)
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several of which have been identified in the genomes

of Thalassiosira pseudonana and Phaeodactylum

triconutum and are regulated by iron availability

(Kustka et al. 2007). Homologs to a multi-copper

ferroxidase and an iron permease were also found in

T. pseudonana (Maldonado et al. 2006; Kustka et al.

2007). If the structure and characteristics of natural

iron binding ligands are diverse or variable, as seems

likely, the non-specific nature of a reductase mecha-

nism may make it advantageous despite the potential

waste of energy from the rapid reoxidation of Fe(II) in

seawater.

Little work has been done on siderophore uptake

and bioavailability outside of the diatoms, but the

genomes of two picoeukaryotic green algae, Ostreo-

coccus tauri and Ostreococcus lucimarinus, indicate

that this marine phytoplankton lack a reductase-type

iron uptake system (Palenik et al. 2007). However,

they are reported to have genes with similarity to

prokaryotic siderophore uptake pathways suggesting

they have different strategies for iron uptake than

diatoms possibly targeting specific iron chelates.

Overall it appears that the few phytoplanktons that

have been studied in some detail have the ability to

access iron from strong organic chelates, generally

via a reductive uptake pathway. However, in many

cases, particularly for strong iron chelators such as

DFB, uptake from iron-ligand complexes is quite

slow and in fact DFB is commonly used to induce

iron limitation in field populations of both eukaryotes

and prokaryotes (Wells et al. 1994, Hutchins et al.

1999a, b). In the environment, weak iron chelates or

inorganic iron forms are likely the most important

sources of iron for phytoplankton when they are

available while strong iron chelates serve as supple-

mental iron sources (Morel et al. 2008).

Conclusions

Although an iron uptake system involving extracellu-

lar siderophore release and uptake of the iron

siderophore complex is used by many organisms in

many different environments, the best current data

indicate that marine phytoplankton do not commonly

employ such a system to acquire iron. This is

presumably a result of the dilute nature of the open-

ocean pelagic environment where diffusive loss of

siderophores is significant. It is also possible that

pelagic phytoplankton are in many instances more

limited by nutrient availability than they are by light

energy and are thus able to release electrons more

readily than organic compounds.

The majority of phytoplankton probably do not use

siderophores simply because reduction based mecha-

nisms are more efficient and are capable of accessing

the majority of iron species in the ocean. To access

dissolved iron a reductive strategy is likely more

efficient since the electron transfer occurs directly at

the cell surface minimizing diffusional loss and

eliminating the cost of synthesizing a complex sider-

ophore. Iron reduction and uptake are closely coupled

at the cell membrane to reduce reoxidation of iron

increasing the mechanism’s efficiency (Shaked et al.

2005). A substantial portion of iron in the ocean is in a

colloidal form, which could in principle be solubilized

through the production and release of siderophores

(Wu et al. 2001). But unlike the situation in soils,

apparently this reservoir of iron is not large enough to

justify the cost of siderophore production. It is also

possible that the colloidal pool of iron is in a dynamic

equilibrium with the dissolved phase on timescales

which make it bioavailable to marine organisms

without the help of siderophores (Hurst and Bruland

2007). Siderophore production in the marine pelagic

environment seems to be restricted to heterotrophic

bacteria, which likely employ siderophores when

attached to particles such as marine snow, phyto-

plankton, or zooplankton (Fig. 2). In these conditions

loss to diffusion is reduced in part due to the

amphiphilic character of most marine siderophores

(Martinez et al. 2000). In this context siderophores

would serve to scavenge iron from within the particle

matrix allowing bacteria to compete in the nutrient rich

microenvironment.

Inevitably some of the siderophores produced by

heterotrophic bacteria are released into the bulk

dissolved phase forming a portion of the natural iron-

binding ligands in the ocean (Mawji et al. 2008). The

presence of siderophores and other strong iron chela-

tors in the marine environment has driven the

development of phytoplankton iron acquisition

mechanisms capable of accessing these organically

complexed iron forms (Fig. 2). Characterization of

iron uptake systems in phytoplankton is still ongoing,

but reduction of Fe(III) in organic chelates to Fe(II)

seems to be an important component of all uptake

pathways studied (Maldonado and Price 2001; Rose
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et al. 2005; Shaked et al. 2005). Photoreduction and

subsequent release of iron from siderophores and other

organic chelates is also likely to be an important

process for increasing inorganic and bioavailable iron

concentrations in surface waters, supplementing the

active reduction of iron by phytoplankton (Price and

Morel 1998; Barbeau et al. 2001).

With the marine organisms responsible for sider-

ophore production and the structures of these

siderophores now better understood, the task remains

to determine the sources and role of these compounds

in seawater. The restriction of siderophore production

to heterotrophic marine bacteria and the amphiphilic

character of many marine siderophores suggest par-

ticles are hotspots for siderophore production. Future

work to understand the distribution of siderophores in

seawater and factors influencing their production (iron

availability, quorum sensing and bacterial density)

will help define the role of siderophores in the dilute

marine environment.
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