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The role of unchelated Fe in the iron nutrition of phytoplankton

Abstract—The important question of iron bioavailability
in the sea has become complicated by the discovery that
marine phytoplankton can take up Fe bound in very stable
chelates via reductive processes, and some particular Fe
species through specialized transport mechanisms. As
a result there is some question of whether the small
fraction of Fe that is “free” or unchelated in seawater is
important in the nutrition of natural phytoplankton
assemblages. A careful examination of published
laboratory studies on Fe uptake by model organisms all
support the idea that unchelated Fe(III) is highly available
for uptake and that it is an important source of the Fe taken
up by phytoplankton under a variety of experimental
conditions. Comparing these results with field data on Fe
speciation shows that unchelated Fe can be an important
source of Fe to the phytoplankton in the sea: it is likely
sufficient to contribute the bulk of the Fe supporting
primary production in regions that are not limited by Fe and
a significant fraction everywhere, including high-nutrient
low-chlorophyll areas.

The revolution in our understanding of ocean pro-
ductivity started by Martin 20 yr ago (Martin and Fitz-
water 1988) is continuing. In addition to high-nutrient low-
chlorophyll (HNLC) oceanic areas, some coastal ecosys-
tems (Hutchins et al. 1998) and deep chlorophyll ¢ maxima
of oligotrophic regions (Hopkinson and Barbeau pers.
comm.) have now been shown to be limited or colimited by
iron. To go beyond observations or phenomenological
experiments and truly understand the link between Fe
inputs and productivity, we need to elucidate the relation
between the concentration of various chemical forms of Fe
in seawater and its uptake by phytoplankton; that is, we
need to define chemically the “availability” of Fe species to
marine phytoplankton.

For the purpose of our discussion, despite their variety
and complexity, we can classify the Fe uptake systems of
microorganisms into three categories (Fig. 1A): (1) trans-
port systems that are specific for particular Fe compounds
or families of compounds, such as Fe citrate, Fe side-
rophores, or hemes; (2) Fe(Il) transporters of various
specificities, including divalent metal ion transporters and
oxidase—permease complexes that oxidize Fe(II) while
transporting it across the external membrane; (3) transport
systems that include reductases able to reduce various
Fe(III) species at the cell surface and deliver Fe(II) to (2).
Notably absent from our list are transporters of unchelated
Fe(IlI), Fe(IlI)’, which have been reported to exist at the
inner but not the outer membranes of gram negative
bacteria. The existence of such transporters in the outer
membrane of some phytoplankter would, of course, not
affect our argument regarding the importance of unche-
lated Fe(II).

We have at present no firm information regarding either
the existence in phytoplankton of transport systems that

belong to category (1) or the concentration of the
corresponding compounds in seawater. As a result, the
question of Fe bioavailability in seawater is focused on
uptake via systems (2) and (3), which are supported by
genomic and transcriptomic data in two marine diatoms
(Kustka et al. 2007). Early studies demonstrated a corre-
spondence between the concentration of unchelated Fe in
the medium and Fe uptake by phytoplankton (the Fe’
model; Hudson and Morel 1990). Following the demon-
stration that Fe bound in some strong complexes can be
taken up by some species of phytoplankton and that Fe(III)
must be reduced for uptake (Soria-Dengg and Horstmann
1995; Maldonado and Price 2001, Shaked et al. 2005),
newer studies have focused on the role of Fe(Il) in uptake.
Recently two models have been proposed to describe the
kinetics of Fe uptake by phytoplankton and effectively
quantify Fe availability in seawater: (1) the Fe(II)s model
(Fig. 1B; Shaked et al. 2005) uses the surface concentration
of reduced iron, Fe(Il)s, as the parameter controlling
uptake; it is based on experimental data with diatoms and
explicitly incorporates the previous Fe’ model by making
unchelated Fe(III), an important source of reduced Fe at
the cell surface. (2) The FeL. model (where L represents an
Fe-chelating ligand; Fig. 1C; Salmon et al. 2006) makes
uptake dependent on the concentration of Fe(Il) in the
bulk medium and considers chelated Fe(III) to be the only
source of reduced Fe; it is based on data with natural
samples of the cyanobacterium Lyngbya majuscula (but is
presented as applicable to other phytoplankton including
diatoms) and emphasizes the reoxidation of Fe(II),
particularly that of the chelated form, Fe(I)L, as a key
process competing with uptake. An examination of the
similarities and differences between these two models and
a comparison of their predictions with available experi-
mental data provide a good basis for exploring the question
of Fe availability to phytoplankton.

The most obvious difference between the Fe(Il)s and
FeL models is that one considers the surface concentration
of Fe(Il) and the other its bulk concentration as the
controlling parameter. This difference stems from the
difference in the principal reduction mechanisms assumed
to generate Fe(Il) as a substrate for uptake: cell surface
reductases in one case, bulk reduction by O 5 in the other.
This difference is immaterial in the mathematical formu-
lation of the models since they both ignore the diffusion of
Fe(Il) species between the cell surface and the bulk
solution. But the question of what processes are responsible
for Fe reduction is in fact important. Because of the
necessary diffusion to the cell surface and of the fast
reoxidation of the unchelated Fe(Il), Fe(Il)’, it matters
greatly if reduction occurs at the surface of cells or in the
bulk solution and by what mechanism. For example, the
photoreduction of an Fe(IIT)chelate (such as Fe(Ill)ethy-
lenediaminetetraacetate [EDTA] in culture medium) results
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Fig. 1. Schematic illustrations of Fe uptake systems in
phytoplankton. (A) Three major pathways of Fe uptake from the
external milieu. The important differences in the uptake systems of
eukaryotes and prokaryotes are intentionally left out, as are the
detailed steps involved in each of the pathways. (B) Fe(II)s model
modified from Shaked et al. (2005). Both the chelated and
unchelated Fe(I1I), FeL, and Fe(III)’ serve as sources of Fe(Il) at
the surface for uptake. (C) FeL model modified from Salmon et al.
(2006). Only the chelated Fe(III), Fe(IIT)L, serves as a source of
Fe(Il), either free or chelated, for uptake.

in the formation of Fe(Il)’. During the charge transfer
reaction that follows the absorption of a photon, the ligand
is oxidized to some byproduct while the complexed Fe(III)
is reduced to Fe(II), which is released to solution. Because
the rate of oxidation of Fe(II)' by oxygen, which may be
accelerated further by H,O, or O 5, is faster than the rate
of complexation by ligands in solution or than the rate of
diffusion to the surface of cells, the net result of such
photoreduction is an increase in the Fe(III)" in solution.
This does not necessarily occur if the reduction is caused by
an external electron donor such as O; in a manner that
leaves the ligand intact, keeping Fe(Il) bound and allowing
reoxidation of Fe(Il) coordinated to the ligand. Studies
with the diatom Thalassiosira weissflogii showed that O 5
produced by the organism was ineffective at increasing Fe
uptake (Kustka et al. 2005). The data of Salmon et al.
(2006) showing a relatively fast Fe uptake rate in the
presence of diethylenetriaminepentaacetate (the Fe(III)
complex of which is apparently not reduced by O ; ; Rose
and Waite 2005) also seem to contradict the conclusion that
Fe(III) reduction by O; determines uptake in L. majus-
cula.

Another apparent difference between the two models is
that one considers a unique parameter Fe(II)s as control-
ling uptake while the other explicitly differentiates between
Fe(Il)" and Fe(II)L, both serving as substrates for uptake.
In the Fe(Il)s model, the parameter Fe(Il)s does not
represent the concentration of unchelated Fe(Il) at the
surface, but all Fe(Il), chelated or unchelated, that can
react with uptake ligands (Shaked et al. 2005). Indeed,
some Fe(Il) transporters are likely able to capture Fe(II)
bound to an external ligand, not just Fe2+ or its complexes
with major anions. In this particular respect, the Fe(Il)s
and FeL model are not different. The use of a single
parameter, Fe(Il)s, in the Fe(II)s model is functionally
equivalent to the use of a single uptake constant in the FelL
model for both free and chelated Fe(Il)—a simplification
made necessary by the absence of pertinent data and that
obviates the difficulty in quantifying ligand exchange
kinetics. The net result is that both models make similar
predictions for Fe uptake in media where Fe(I1I) is chelated
to an extremely strong chelator such as desferrioxamine B
(DFB). In this situation the concentration of unchelated
Fe(I11), Fe(IIT)’, is negligible and only Fe(III)L (L = DFB)
serves as a source of Fe(II) for uptake. Clearly both the rate
at which the iron can be reduced in the chelate and its rate
of reoxidation are then critical factors in determining
uptake. A similar result may obtain in a situation where
Fe(III) is bound in a weak and highly reducible complex
such that the rate of reduction of Fe(III)L dominates the
production of Fe(Il). An example might be that of
Fe(Ill)citrate in the case of Lyngbya (Salmon et al. 2006);
but data obtained under well-defined conditions (where the
ligand does not affect the kinetics of dissolution of Fe
oxide) and with cells that are known not to have an Fe
citrate transporter are necessary to prove the point.

At bottom, the fundamental difference between the
Fe(Il)s and the FeL models that leads to dissimilar
predictions is that the Fe(Il)s model explicitly includes
the unchelated Fe(IIl) in the medium as an important
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Fig. 2. Comparison of models with experimental data on

iron uptake at varying EDTA concentrations in iron-limited
diatoms (Thalassiosira weissflogii; one experiment reproduced
from Shaked et al. 2005) and cyanobacteria (Lyngbya majuscula;
reproduced from Salmon et al. 2006 and multiplied by a constant
to match the scales). Line 1: Fe’ model (Hudson and Morel 1990);
line 2: Fe(Il)s model (Shaked et al. 2005); line 3: FeL. model
(Salmon et al. 2006); line 4: modification of the FeL model in
which only Fe(II)" is taken up. See Web Appendix 1, www.aslo.
org/lo/toc/vol_53/issue_1/0400al.pdf.

source of Fe(Il) for phytoplankton uptake, while the Fel
model explicitly excludes it as irrelevant. Let us consider
the predictions of the two models for the common
laboratory situation where the iron is complexed to EDTA
in excess. In this situation, the two models ascribe the Fe
uptake to two completely different sets of reactions: in the
Fe(II)s model, the bulk of the Fe(II) that is taken up comes
from the reduction of Fe(IIl)’; in the FeL model, it comes
from the reduction of Fe(III)L (L = EDTA). This
difference leads to divergent predictions regarding the
effect of increasing the concentration of L on the rate of Fe
uptake by phytoplankton.

In the Fe(IT)s model, increasing [L] decreases the uptake
rate through two separate mechanisms: (1) by decreasing
Fe(I1T)" and hence the rate of Fe(II)s formation; and (2) by
competing with the cells for Fe(Il) at the surface. Because
the supply of Fe(II)s from Fe(III)EDTA is small, the first
effect results in an Fe uptake rate that is inversely
proportional to [L]—this is the same prediction as the Fe’
model. The second effect slightly exaggerates the decrease
in uptake rate at very high [L]. Those predictions are in
accord with experimental data obtained with diatom
cultures (Fig. 2).

The FelL model ascribes the decrease in uptake rate at
high [L] entirely to the decrease in Fe(II)’ resulting from the
complexation of the free Fe(Il) by L and the fast
reoxidation of Fe(II)L. Since Fe(Il)’ is also lost directly
by oxidation (and cellular uptake), the complexation by L
must be at least as fast as the oxidation to result in
a significant decrease in uptake rate. This occurs for EDTA

when [L] = 200 gmol L=1 (= kox " lkeomit’™ = 4 X
10—3 s71/20 L mol—! s—1, considering only the oxidation
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by oxygen). But at this high EDTA concentration, Fe(II)" is
only a small fraction of Fe(Il) (Fe(Il)" = kdﬂig‘c‘)L [Fe(IDL)/
(ko “™ + kecompl’ " [L]) = 1% [Fe(I)L], where kaisoc = 8
X 1075 s~1), so there is no measurable effect of increasing

[L] on the uptake rate (Fig. 2). Even if, contrary to the
basic premises of the FeLL model, one considered the rate of
uptake of Fe(Il)' to be much larger than that of Fe(I[)L
(e.g., by making the latter negligible), the decrease in
uptake rate resulting from the increase in [L] would occur
at ligand concentrations much higher than observed
experimentally (Fig. 2). No matter what reasonable set of
parameters one might try, the predictions of the FeL
model, or of any model that ignores the role of unchelated
Fe(IIl) as a source of Fe for uptake, are at odds with
experimental data obtained with diatoms in the presence of
EDTA.

One is forced to conclude that Fe(IIl)" is an effective
direct source of Fe(Il) for uptake by diatoms, but that
Fe(IIMHEDTA is not. This is presumably caused by the
rapid reoxidation of the reduced Fe bound to EDTA in the
presence of oxygen and other oxidants (Seibig and van
Eldik 1997) and is consistent with the fact that an Fe(II)
sequestering agent such as ferrozine captures very little Fe
when Fe(II)EDTA is reduced by O; (Rose and Waite
2005). Thus the complex Fe(III)EDTA can serve as
a significant source of Fe for uptake by diatoms only via
prior dissociation to form Fe(III)’. This was verified by
Shaked et al. (2005) by demonstrating that, at high cell
concentrations, the total uptake rate of the culture becomes
limited by the rate of Fe(II)EDTA dissociation. No such
limit is predicted if direct reduction of Fe(II)EDTA
provides Fe(I1) for uptake as is assumed in the FeLL model.

The results obtained with diatoms are apparently also
applicable to other eukaryotic phytoplankton that have
been studied (Hudson and Morel 1990; Sunda and
Huntsman 1995). Are they valid for L. majuscula or other
cyanobacteria? Most published experiments on Fe uptake
by cyanobacteria that use EDTA to control Fe availability
have only used a single concentration of the ligand, making
it impossible to distinguish the relative roles of Fe(III)" and
Fe(II)L as sources of Fe reduction and uptake. One
exception is the experiment reported for L. majuscula by
Salmon et al. (2006) at constant total Fe and increasing
EDTA concentrations (Fig. 2). As the EDTA increased
from 10 to 1,000 umol L—!, the Fe uptake rate decreased
by a factor of about 60, nearly inversely proportional to [L]
as would be expected from the Fe(Il)s model if Fe(III)’
were the sole source of Fe(II) at the surface. Conversely, as
discussed above, the observed decrease in uptake rate with
increasing EDTA is much larger than can be accounted for
by the FeL model (Fig. 2) and clearly inconsistent with the
idea that Fe(III)L is the only substrate for reduction.
Fe(IIT)" must thus have been an important source of the
reduced Fe taken up by L. majuscula in this experiment.

Besides experiments done at varying concentrations of
chelating agents such as EDTA, the only ones that bear on
the question of the availability of unchelated Fe(Ill) are
those performed at varying light intensity in the presence of
EDTA. As explained above, the net effect of the
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photochemical degradation of Fe(II[)EDTA is an increase
in Fe(ITI)" in the medium. For example, in the experiments
of Sunda and Huntsman (1997) performed with two
diatoms, two dinoflagellates, and one cyanobacterium,
increasing the light intensity from 50 to 500 umol photons
m~2 s~ ! resulted in a doubling in Fe(III)" for a given Fe
and EDTA concentration. The result was a doubling in the
Fe uptake rate of the organisms, as expected if Fe(IIl)" is
the dominant form of Fe taken up by the cells. So,
incomplete as they are, all the available data support the
idea that unchelated Fe(III) is highly available for uptake,
regardless of the organisms involved or the mechanisms
they use to take up the iron—as might be expected from
basic thermodynamic and kinetic considerations.

The interesting practical question is to what extent Fe
uptake by various phytoplankton species in the sea depends
on Fe(Ill)’ or on other pools of dissolved Fe. We can
obtain an estimate of the possible contribution of the
unchelated Fe by putting together field data on Fe
speciation and laboratory data on Fe requirements and
uptake in model species. Taken at face value, the available
data on Fe complexation in the surface ocean indicate
Fe(I1T)" values in the ranges 0.01-1.2 pmol L—! in HNLC
regions (Rue and Bruland 1995, 1997; Boye et al. 2001) and
0.04-50 pmol L—1! in North Atlantic waters (Powell and
Donat 2001; Boye et al. 2006). The high values are known
to be sufficient for near-maximum growth rates of model
oceanic species of diatoms and coccolithophores (Sunda
and Huntsman 1995). The low values could only support
very slow growth rates even for picoplankton taking up Fe
near the limit of diffusion (<0.05 d—!, considering a min-
imum cellular Fe concentration around 20 pmol L—1;
Sunda and Huntsman 1995). But, during the day, the low
Fe' values may be increased significantly above those
estimated from electrochemical titrations as a result of
photoreduction of Fe(Ill) complexes (Maldonado et al.
2005; Barbeau 2006). For example, Rue and Bruland (1997)
estimated a daytime Fe’ of ~2 pmol L=! (up from
0.01 pmol L-1) in the equatorial Pacific. Values of Fe' in
the 2-3 pmol L—! range are sufficient to support growth
rates of ~0.5-0.7 d-! in Thalassiosira oceanica and
Emiliana huxleyi (Sunda and Huntsman 1995), comparable
with growth rates of diatoms in the Fe-limited regions of
the subarctic and equatorial Pacific (Blain et al. 1997). We
can extrapolate to lower concentrations by considering that
the uptake rate of the organisms is proportional to Fe" and
scales with their surface area (Sunda and Huntsman 1995),
and by assuming that the minimum cellular Fe concentra-
tion (mol/cell volume) remains the same. The net result is
an Fe-limited growth rate proportional to Fe' and inversely
proportional to the cell radius, R. So at a concentration of
unchelated Fe in the range 0.2-0.3 pmol L—!, cyanobac-
teria or picoeukaryotes (R = 0.6 um) should be able to
achieve a growth rate of 0.25-0.35 d—!. This growth rate is
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about half that measured for Prochlorococcus in the
equatorial Pacific (Mann and Chisholm 2000). Thus, even
under these Fe-limited conditions, the unchelated Fe may
sustain a sizeable fraction of the production by the
picoplankton. As we design and carry out experiments to
unravel the difficult question of Fe availability to
phytoplankton in seawater, we should not ignore the
potential importance of the small fraction of dissolved Fe
that is unchelated.

F M. M. Morel
Department of Geosciences
Guyot Hall
Princeton University
Princeton, New Jersey 08544

A. B. Kustka
Institute of Marine and Coastal Sciences
71 Dudley Road
Rutgers University
New Brunswick, New Jersey 08901
Y. Shaked

Inter University Institute for Marine Sciences
& Institute of Earth Sciences

The Hebrew University

Eilat, Israel 88103

References

BarBeau, K. 2006. Photochemistry of organic iron(I1l) complex-
ing ligands in oceanic systems. Photochem. Photobiol. 82:
1505-1516.

BLaIN, S., A. LEYNAERT, P. TREGUER, M. J. CHRETIENNOT-DINET,
AND M. RobIER. 1997. Biomass, growth rates and limitation of
Equatorial Pacific diatoms. Deep Sea Res. I 44: 1255-1275.

Boye, M., C. M. G. VAN DEN BERgG, J. T. M. pE JonG, H. LEACH, P.
Croot, AND H. J. W. DE Baar. 2001. Organic complexation of
iron in the Southern Ocean. Deep Sea Res. I 48: 1477-1497.

, AND OTHERS. 2006. The chemical speciation of iron in the
north-east Atlantic Ocean. Deep Sea Res. I 53: 667-683.

Hupson, R. J. M., aND F. M. M. MorEgL. 1990. Iron transport in
marine phytoplankton: Kinetics of cellular and medium
coordination reactions. Limnol. Oceanogr. 35: 1002-1020.

Hurcains, D. A., G. R. DiturLio, Y. ZHANG, AND K. W.
BruLAND. 1998. An iron limitation mosaic in the California
upwelling regime. Limnol. Oceanogr. 43: 1037-1054.

Kustka, A. B., A. E. ALLEN, AND F. M. M. MoRrEL. 2007. Sequence
analysis and transcriptional regulation of Fe acquisition genes
in two marine diatoms. J. Phycol. 43: 715-729.

, Y. SHAKED, A. J. MILLIGAN, D. W. KiNG, aAND F. M. M.
MoreL. 2005. Extracellular production of superoxide by marine
diatoms: Contrasting implications for Fe redox chemistry and
bioavailability. Limnol. Oceanogr. 50: 1172-1180.

MaLpoNaDO, M. T., aAND N. M. Price. 2001. Reduction and
transport of organically bound iron by Thalassiosira oceanica
(Bacillariophyceae). J. Phycol. 2: 298-309.

, R. F. StrzePEK, S. SANDER, AND P. W. Boyp. 2005.
Acquisition of iron bound to strong organic complexes, with
different Fe binding groups and photochemical reactivities, by
plankton communities in Fe-limited subantarctic waters.
Global Biogeochem. Cycles 19: GB4S23, doi:10.1029/
2005GB002481.

Mann, E. L., anp S. W. CuistoLm. 2000. Iron limits the cell
division rate of Prochlorococcus in the eastern equatorial
Pacific. Limnol. Oceanogr. 45: 1067-1076.




404 Notes

MarTIN, J. H., AND S. E. FirzwaTer. 1988. Iron deficiency limits
phytoplankton growth in the Northeast Pacific Subarctic.
Nature 331: 341-343.

PoweLL, R. T., anD J. R. DonAT. 2001. Organic complexation and
speciation of iron in the South and Equatorial Atlantic. Deep
Sea Res. II 48: 2877-2893.

Rose, A. L., anp T. D. Warte. 2005. Reduction of organically
complexed ferric iron by superoxide in a simulated natural
water. Environ. Sci. Technol. 39: 2645-2650.

RUE, E. L., anD K. W. BRULAND. 1995. Complexation of iron (III)
by natural organic ligands in the Central North Pacific as
determined by a new competitive ligand equilibration/
adsorptive cathodic stripping voltammetric method. Mar.
Chem. 50: 117-138.

, AND . 1997. The role of organic complexation on
ambient iron chemistry in the equatorial Pacific Ocean and
the response of a mesoscale iron addition experiment. Limnol.
Oceanogr. 42: 901-910.

SaLmon, T. P., A. L. Rosg, B. A. NEiLAN, aND T. D. WAaIte. 2006.
The FeL model of iron acquisition: Nondissociative reduction
of ferric complexes in the marine environment. Limnol.
Oceanogr. 51: 1744-1754.

SEiBIG, S., AND R. van Erpik. 1997. Kinetics of [Fell(EDTA)]
oxidation by molecular oxygen revisited. New evidence for
a multistep mechanism. Inorg. Chem. 36: 4115-4120.

SHAKED, Y., A. B. Kustka, AND F. M. M. MorEL. 2005. A general
kinetic model for iron acquisition by eukaryotic phytoplank-
ton. Limnol. Oceanogr. 50: 872-882.

Sor1A-DENGGS., AND U. HORSTMANN. 1995. Ferrioxamine-B and
ferrioxamine-E as iron sources for the marine diatom
Phaeodactylum tricornutum. Mar. Ecol. Prog. Ser. 127:
268-277.

Sunpa, W. G., anD S. A. HuntsmaN. 1995. Iron uptake and
growth limitation in oceanic and coastal phytoplankton. Mar.
Chem. 50: 189-206.

, AND . 1997. Interrelated influence of iron, light and
cell size on marine phytoplankton growth. Nature 390:
389-392.

Received: 27 April 2007
Accepted: 19 September 2007
Amended: 28 September 2007





