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INTRODUCTION

The biogeochemical cycling of iron (Fe) in the ocean
is essential to marine productivity. Iron is not only
inseparably linked to the global carbon cycle, but may
have also played an important role in carbon cycle
variations throughout the geological history of the
Earth (Martin et al. 1990). The bioavailability of iron to
marine phytoplankton lies at the heart of these issues
and bioavailability, in turn, is largely a question of iron
speciation on the one hand and physiological uptake
systems on the other. At the circumneutral pH of ocean
waters, iron has an extremely low solubility, and over
99% of dissolved Fe is predicted to be complexed by
organic ligands with very high stability constants
with respect to iron (Rue & Bruland 1995). Organic Fe-

ligands thus buffer extremely low inorganic Fe (i.e.
unchelated Fe or Fe’) concentrations in the ocean. The
growth of phytoplankton (even iron-limited growth)
cannot be explained in many ocean regions when tak-
ing Fe’ as a sole Fe source into account, as suggested
by the conventional Fe’ model (Hudson & Morel 1990,
Sunda & Huntsman 1995). While the verdict regarding
the importance of photochemistry in generating highly
bioavailable transient Fe’ remains unknown (Barbeau
2006, Morel et al. 2008), understanding how different
phytoplankton taxa access organically bound iron will
greatly assist in defining iron bioavailability to marine
phytoplankton.

The marine environment consists of a variety of
organic Fe-compounds, some of which display stability
constants with regard to ferric iron similar to those of
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siderophores (Rue & Bruland 1995). Siderophores
are Fe-specific, low molecular weight compounds
released by Fe-limited microorganisms to enhance
iron acquisition (Winkelmann 2002). Siderophore pro-
duction as a response to Fe stress has also been
reported for several freshwater and marine microor-
ganisms (Wilhelm & Trick 1994, Granger & Price 1999,
Martinez et al. 2001). Therefore, siderophores isolated
from a variety of Fe-limited organisms have been
widely used in laboratory and field studies to simulate
organic ligands in the marine environment. One such
commercially available siderophore is desferrioxamine
B (DFB) produced by the terrestrial fungus Strepto-
myces pilosus (Winkelmann 1991); this is a trihydroxa-
mate hexadentate siderophore with an extremely high
conditional stability constant with regard to Fe(III) in
seawater (Hudson et al. 1992).

Despite its being a xenosiderophore in the marine
environment, we believe that DFB is a relevant Fe-
ligand model for a number of reasons. Firstly, DFB-
like compounds have been isolated from the ocean
(Martinez et al. 2001, Mawji et al. 2008). Secondly,
many marine siderophores, like DFB, are character-
ized by hydroxamate moieties (Mawji et al. 2008).
Lastly, phytoplankton do not necessarily use organ-
ism-specific siderophores and siderophore ‘piracy’
may play an important role in iron nutrition of
marine microorganisms (Granger & Price 1999). DFB
is also a very convenient Fe-ligand, characterized by
a high affinity for Fe (buffering no Fe’ when applied
at equimolar ratios), fast binding (rapidly exchanges
the natural Fe pools) and photo-inertness (no tran-
sient Fe’) and can therefore address the uptake of
organically bound iron exclusively. While several
marine organisms, both prokaryotic and eukaryotic,
have been shown to acquire DFB-bound iron
(FeDFB; Allnutt & Bonner 1987a, Soria-Dengg &
Horstmann 1995, Maldonado & Price 2001, Shaked et
al. 2005, Chen & Wang 2008), its application in rep-
resenting naturally occurring organically bound iron
has been complicated by the fact that DFB has
been widely used to bind iron and induce iron limita-
tion in different oceanic regions and culture based
experiments (Wells et al. 1994, Wells 1999, Eldridge
et al. 2004).

In many of the studies which report FeDFB to be
unavailable, DFB was added in large excess to ambi-
ent iron concentrations (Wells 1999, Eldridge et al.
2004). This was done to accelerate the exchange of Fe
from the ambient Fe-complexes to DFB. While contra-
dicting results regarding the bioavailability of a spe-
cific compound can be easily settled by considering
differences in phytoplankton composition and/or iron-
nutrition status of cells, we seek to explain this appar-
ent discrepancy mechanistically. According to a new

uptake model, the Fe(II)s model (Shaked et al. 2005),
the strong inhibitory effect of excess DFB additions on
phytoplankton growth and uptake is not only due to
the induced change in iron speciation, but also due to
DFB’s ability to compete with cells for an unchelated
iron intermediate formed at the cell surface during
extracellular reduction.

This recently published kinetic uptake model
(Shaked et al. 2005) — the Fe(II)s model — was formu-
lated to reconcile existing knowledge on iron uptake
with new evidence supporting a reductive step in the
acquisition of organically bound iron (Fig. 1). Simply
put, the Fe(II)s model proposes that all iron species
(inorganic as well as organic) undergo extracellular
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Fig. 1. Schematic illustration of the Fe(II)s model adapted
from Shaked et al. (2005). (a) Extracellular reductases reduce
ferric iron bound to organic ligands such as desferrioxamine B
(DFB) causing Fe(II) to leave the organic complex. Intermedi-
ate Fe(II) formed at the cell surface is transported across the
membrane by specific transporters, probably following its re-
oxidation. The Fe(II) intermediate may undergo oxidation
and/or re-complexation during these stages. (b) Excess free
Fe-ligand present in the medium competes with the cell over
the free Fe (ferrous or ferric) near the cell surface, thereby 

inhibiting uptake and growth rates
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reduction prior to transport. This involves the forma-
tion of an intermediate Fe(II) species at the cell surface
(Fig. 1a) which may then enter the cell or be subject to
complexation by free Fe-binding ligands in the
medium (probably following its re-oxidation; Fig. 1b).
Therefore, free Fe-ligand in the medium can compete
with the cells for unchelated inorganic Fe species at
the cell surface, be they Fe(II) or Fe(III), and inhibit the
rate of uptake/growth. The efficiency of the reductive
mechanism is thus highly dependent on relative con-
centrations of excess organic ligands in solution and
cell surface Fe transporters competing for Fe’ (Maldon-
ado & Price 2001). The Fe(II)s model has been success-
fully applied to eukaryotic lab cultures, although its
applicability to prokaryotes and natural samples
remains unknown.

In this study we use the Fe (II)s uptake model as a
framework within which to probe the iron acquisition
strategies of phytoplankton growing in the Gulf of
Aqaba, using DFB as a model organic ligand. By cou-
pling grow-out incubations with short-term iron
uptake experiments, we explored the
bioavailability of FeDFB to natural
phytoplankton and its mechanism of
uptake. These experiments also facili-
tated the examination of naturally
occurring iron bioavailability. A parallel
study with laboratory cultures of Syne-
chococcus spp., the dominant phyto-
plankton species in the Gulf at the time
of our study, was conducted to support
field findings.

STUDY AREA

The Gulf of Aqaba, the northernmost
extension of the Red Sea, is surrounded
by Israel, Jordan, Egypt and Saudi Ara-
bia (for location map see Fig. 1 in
Berman-Frank et al. 2009; this Special
Issue, p. 110). Since the Gulf is not
characteristic of other coastal settings,
we felt it prudent to include some
background information regarding this
environment. The Gulf of Aqaba is 180
km long, narrow (6 to 25 km) and deep
(max. 1.8 km). It is semi-enclosed by
deserts where the hot, arid climate dic-
tates conditions of sparse vegetation,
negligible precipitation (~3 cm yr–1)
and runoff as well as high evaporation
rates (~180 cm yr–1, Ben-Sasson et al.
2009). The Gulf is subject to distinct
seasonal fluctuations. Throughout the

summer the water column is thermally stratified and
surface concentrations of major nutrients are exceed-
ingly low (NO3 < 200 nM, PO4 < 60 nM, Genin et al.
1995). In winter, deep convective mixing replenishes
the nutrients at the surface (Fig. 2a; Genin et al.
1995) until the onset of stratification during the
spring, when surface nutrient concentrations rapidly
wane as they are consumed by phytoplankton blooms
(Fig. 2b). The Gulf waters are oligotrophic, with max-
imum chlorophyll a (chl a) concentrations of 0.75 µg
l–1 during the spring and minimum concentrations of
0.25 µg l–1 in midsummer (Labiosa et al. 2003). The
phytoplankton community is dominated by relatively
small species (<8 µm) where the cyanobacteria, Syne-
chococcus spp. and Prochlorococcus spp., dominate
in the spring and summer respectively, while pico-
eukaryotic species are more abundant during winter
mixing events (Lindell & Post 1995). In addition, DOC
concentrations are relatively low, i.e. 70 to 90 µM,
typical of open ocean waters rather than of coastal
environments (Yahel et al. 2003).
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Fig. 2. Water column characteristics in the open waters of the northern Gulf of
Aqaba during the study period (Spring 2008). Nitrate: dotted line; chlorophyll a
(chl a): dashed line; temperature: solid line; total iron: black squares; dissolved
iron: empty circles. (a) March 2008. Temperature and chl a profiles indicate that
stratification has just commenced. Surface major nutrient concentrations are
relatively high (only nitrate is shown). Total (Fetotal) and dissolved (<0.2 µm,
Fediss) iron are evenly distributed throughout the water column. (b) April 2008.
Temperature profile reveals the onset of stable stratification. A spring bloom
event is evident from the depleted nitrate concentrations in surface waters and
high chl a concentrations. Iron profiles remain evenly distributed throughout 

the water column with minor shifts in concentration
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Dissolved iron (<0.2 µm) (Fediss) concentrations are
high all year round and range from 2 to 6 nM (Fig. 2,
Shaked 2008). Total iron (Fetotal) concentrations in the
upper water column are only slightly higher than Fediss

and range from 3 to 10 nM (Fig. 2, Shaked 2008). Ele-
vated total iron concentrations (10 to 50 nM) were
recorded in the lower water column during stratifica-
tion (Y. Shaked unpubl.). The high iron concentrations
in Gulf waters are thought to originate from sediment
resuspension and atmospheric deposition (Chase et al.
2006, Shaked 2008)

MATERIALS AND METHODS

Trace metal clean methods. All experimental manip-
ulations were carried out according to stringent trace
metal clean protocols in a clean room facility or under
positive pressure high efficiency particulate air
(HEPA) filters. All plastic ware used for cultures, incu-
bations and Fe sampling and measurements were
soaked in soap for 48 h, rinsed in deionised water (DI),
followed by a 48 h soak in 10% HCl and a final thor-
ough wash in Milli-Q water. After HCl treatment, cul-
ture bottles were filled with Milli-Q water amended
with EDTA and stored. Incubation carboys were rinsed
with seawater 3 times before being filled. Solutions
were prepared using 18.2 MΩ.cm Milli-Q water and
analytical grade salts. For trace metal clean methods
employed during total and dissolved iron sampling and
analysis see Shaked (2008).

Iron measurements. Iron sampling and analysis pro-
tocols are outlined in Shaked (2008). Briefly, samples
were acidified with distilled HCl to pH ~1.7 and kept
for 6 mo prior to analysis according to the flow injection
analysis (FIA) technique of Lannuzel et al. (2006). This
technique involves a reduction step with sulfite, fol-
lowed by direct measurement of Fe(II) in the FeLume
system with the chemiluminescent reagent luminol.

Grow-out incubations. Two sets of grow-out experi-
ments were carried out — one during March 2008 and
the other during the 8th GAP (Group for Aquatic Pri-
mary Productivity) workshop in April 2008. Water sam-
ples for incubations were manually collected 50 m off
the coast of the Interuniversity Institute of Eilat, Israel.
Near surface water was collected in acid-washed 5 l
containers and dispensed into trace-metal cleaned 10 l
carboys. Since the dominant grazers in the Gulf of
Aqaba are micrograzers (Sommer et al. 2002) compa-
rable in size to picoeukaryotes, we did not prefilter
water samples. Carboys were then taken back to the
lab, weighed out to 8 l each in a portable laminar hood,
supplemented with nutrients and DFB (see below) and
incubated for 2 to 3 d in a shaded (50 to 60% ambient
light) pool through which surface seawater was contin-

uously circulated. Sub-samples for different measure-
ments were taken collectively during the early morn-
ing and evening.

The experimental designs for March and April are
laid out in Table 1. To ensure phytoplankton were free
of major nutrient stress, all incubation carboys, with
the exception of no-nutrient controls, were amended
with nutrients (Table 1a, Carboys 2 to 5; Table 1b, Car-
boys 3 to 13). Nutrient additions consisted of a 4 µM
nitrate/ammonium equimolar mix (NaNO3/NH4Cl,
Merck, analytical grade) and 0.6 µM phosphate
(NaH2PO4 · H2O, Merck, analytical grade). A range of
DFB (desferrioxamine mesylate, Calbiochem
cat#252750) concentrations was applied in order to
probe 2 distinctive questions: (1) bioavailability of
FeDFB at the lower DFB concentration range (600 pM
to 20 nM); and (2) the mechanism of iron acquisition
from the FeDFB complex at the upper range (50 nM to
1 µM). The iron nutrition status of natural and
DFB-exposed populations was evaluated by the addi-
tion of precomplexed FeEDTA (1:1.1) (EDTA —
C10H14N2Na2O8 · 2H2O, Titriplex III, Merck) at the start
or during the course of the incubation (Table 1b, Car-
boys 1, 2 and 6). FeEDTA has been shown to be a read-
ily available iron source in many field and culture stud-
ies due to the fast dissociation rate of iron from the
complex, buffering a large pool of easily accessible
unchelated iron (Fe’) (Hudson & Morel 1990).

Chl a measurements. Total chl a was determined
from individually weighed samples filtered onto a
GF/F filter (Whatman). Chl a was quantified with a
Turner Design, Model AU-10 fluorometer according to
the acidification method (Parsons et al. 1985) after 24 h
dark extraction in 90% acetone at 4°C.

Flow cytometry. Aliquots (1.5 ml) were fixed with
1% glutaraldehyde, quickly frozen in liquid nitrogen
and kept at –70°C until analysis on a FACS instru-
ment (FACScan, Becton Dickinson). Taxonomic dis-
crimination was made on the basis of cell-side scatter
and forward scatter (a proxy of cell size), orange flu-
orescence of phycoerythrin, and red fluorescence of
chlorophyll (Partensky et al. 1996). All samples for
cell counts were run with 0.95 µm YG Polysciences
beads. Non-photosynthetic bacteria were analyzed
following staining with the nucleic acid dye SYBR
Green I (Molecular Probes, S-7567, Marie et al.
1997). Data processing was performed using the
Windows based programme CYTOWIN (Vaulot 1989)
while contour plots were made using WinMDI ver-
sion 2.5 software (copyright J. Trotter 1997, available
at http://facs.scripps.edu).

Fast repetition rate fluorometry. Photochemical
quantum efficiency, defined as the ratio of variable flu-
orescence to maximal fluorescence (Fv:Fm), was mea-
sured by a fast repetition rate fluorometer (FIRe Fluo-
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rometer system, SAtlantic). On the third morning (time
[t] = 45 h) of the April incubation all treatments were
sampled collectively and dark adapted at room tem-
perature for at least 30 min prior to measurement. Fil-
tered seawater (0.2 µm) was run as a blank. Data was
processed in the Matlab based programme Fireworx
0.9.2. (copyright A. Barnett 2007, available at http://
sourceforge.net/projects/fireworx).

Short-term iron uptake. All uptake experiments
were conducted within acid-cleaned polycarbonate
bottles. The experiment medium consisted of pH
adjusted (pH ~8 to 8.2) Synthetic Ocean Water (SOW)
prepared according to the Aquil salt mix protocol as
outlined by Morel et al. (1979). 55Fe (Perkin Elmer, hot
only at specific activity of 93.64 or 88.74 mCi mg–1 in
natural population and culture uptake experiments
respectively) was precomplexed with DFB at a low pH,
then gradually titrated to pH 8 to avoid the precipita-
tion of iron, and allowed to equilibrate overnight.
Fe:DFB ratio was 1:1.1 for experiments performed with
natural populations and 1:2 for culture uptake experi-
ments. To study the effect of excess Fe-ligand on iron
uptake rates, 1 µM DFB was added to the uptake
medium prior to the start of the experiment. In addi-

tion, 200 µM of the Fe(II)-specific ligand bathophenan-
throline disolfonic acid disodium salt (BPDS, Sigma)
was also applied to a probe specifically for a ferrous
iron intermediate.

Cells for uptake experiments were gently filtered
(<100 mm Hg) onto acid-washed polycarbonate or
Supor membrane filters (0.45 µm), thoroughly rinsed
with SOW, and resuspended in a 15 ml tube containing
SOW. A small volume of this resuspension was taken
for chl a and flow cytometry (FACS) analysis, and the
remainder was distributed between the FeDFB and the
FeDFB + 1 µM treatments and kept in the dark. At var-
ious times during the 7 to 13 h uptake experiment,
weighted volumes of the experiment medium were fil-
tered onto a 0.2 µm pore-size polycarbonate filter,
rinsed with SOW, washed with Ti-citrate-EDTA
reagent (Hudson & Morel 1989) for 5 min and then
rinsed again with SOW. Duplicate samples were pro-
cessed at most time points. The filters were retained for
measurement of radioactivity in a Beckman scintilla-
tion counter with Quicksafe A scintillation liquid
(Zinsser Analytic). Intracellular iron was calculated
from the average specific activity (activity of the
medium divided by the total iron added).

245

Incubation no. Treatment Nutrients added DFB additions Tested hypothesis

(a) March 2008
1 No nutrient control – – Major nutrients limit growth

2 Nutrient only control + – Major nutrients limit growth

3 Low DFB addition + 600 pM Increased binding of ambient Fe by
DFB modifies its bioavailability

4 Intermediate DFB addition + 10 nM Increased binding of ambient Fe by
DFB modifies its bioavailability

5 High DFB addition + 1 µM Excess DFB hinders growth due to
competition over unchelated iron

(b) April 2008
1 No nutrient control – 150 nM FeEDTA Major nutrients rather than

added at t0 iron limit growth

2 No nutrient control – 150 nM FeEDTA Major nutrients rather than
added at 33h iron limit growth

3 Nutrient only control + – Major nutrients limit growth

4 Low DFB addition + 3 nM Increased binding of ambient Fe
by DFB modifies its bioavailability

5 Intermediate DFB addition + 20 nM Increased binding of ambient Fe
by DFB modifies its bioavailability

6 Intermediate DFB addition + 50 nM Excess DFB hinders growth due to
competition over unchelated iron

7 Intermediate DFB addition + 50 nM, 150 nM FeEDTA Addition of excess, readily available
added at 33h Fe alleviates DFB-induced stress

8–13 High DFB addition + 1 µM Excess DFB hinders growth due to
competition over unchelated iron

Table 1. Grow-out incubations plan for (a) March and (b) April 2008 listing nutrient (P and N) and desferrioxamine B (DFB) addi-
tions as well as the rationale underlying each incubation. Nutrients and/or DFB added (+) or not added (–). t0: time 0
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Synechococcus WH8102 cultures. Since our data
pointed to Synechococcus spp. as the dominant spe-
cies in incubation populations and uptake experi-
ments, we decided to support field observations by
investigating the FeDFB uptake strategies of Syne-
chococcus cultures. To this end, Synechococcus strain
WH8102, an open ocean Sargasso Sea isolate bearing
genetic similarity to certain Synechococcus spp in the
Gulf of Aqaba (Penno et al. 2006) was chosen. Syne-
chococcus WH8102 cultures were grown in trace
metal clean polycarbonate erlenmyers fitted with a
breathable cap, at 24°C and under
continuous light (50 µmol quanta m–2

s–1). Experimental culture medium
was based on the AMP1 medium
(Moore et al. 2007) made up of syn-
thetic seawater, buffered with 20 µM
EDTA and an ammonium N source. To
obtain high biomass for uptake exper-
iments, cultures were grown with 300
nM FeEDTA and iron limitation was
then induced by adding 1 µM DFB 48
h prior to the experiment. Growth was
monitored by measuring absorbance
at 750 nm (a proxy for cell number)
(Duke et al. 1989) measured with a
CARY 50 UV/Vis spectrophotometer.

Other methods. Major nutrients
(nitrate, phosphate and silica, i.e. silicic
acid) in the water (Fig. 2) and grow-out
incubations were analyzed by the
National Monitoring Program (NMP)
team, using colorimetric methods
described by Hansen & Koroleff (1999),
modified for a Flow Injection Autoana-
lyzer (FIA, Lachat Instruments Model
QuickChem 8000) with a precision of
±0.02 µmol l–1. Analysis methods are
outlined on the NMP official website
(www.iui-eilat.ac.il/NMP/).

RESULTS

Incubations with natural 
phytoplankton assemblages

Effect of increasing DFB additions on
phytoplankton growth

Extracted chl a was used as an indi-
cator of bulk autotrophic community
status. For clarity we present the
change in chl a (Δchl a) after 47 h
(March experiment, Fig. 3a,b) or 33 h

(April experiment, Fig. 3c,d). Increase in Δchl a values
is interpreted as a growth response (Fig. 3). A com-
plete data set of chl a measurements is given in the
supplementary data (Fig. S1, available as supple-
mentary material at www.int-res.com/suppl/a056p241
_app.pdf).

Maximal growth (Δchlmax) was observed in the nutri-
ent-only incubations, whereas no growth (April) or min-
imal growth (March) was obtained in the non-
amended incubations (Fig. 3). This indicates that the
phytoplankton populations in our controls with no major
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Fig. 3. Growth response in the grow-out incubations as measured by the
change in chlorophyll a (chl a) concentrations (Δchl a, in µg l–1) from the start of
the incubation (time, t = 0) to its end (t = 47 h and 33 h for March and April, re-
spectively). (a,b) March 2008, (c,d) April 2008. (a,c) Control incubation carboys
that received no desferrioxamine B (DFB) additions represented by bar graphs.
(b,d) All DFB-containing incubations shown were enriched with major nutri-
ents. Note that the y-axis in both panels is the same. The white square in (d) in-
dicates Δchl a after the addition of FeEDTA (20 h post-addition) to Incubation 6
(50 nM DFB + nutrient). Error bars are SD on duplicate treatments. DFB 

concentration is represented on a logarithmic scale

http://www.int-res.com/articles/suppl/a056p241_app.pdf
http://www.int-res.com/articles/suppl/a056p241_app.pdf
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nutrient additions were limited by major nutrients (N
and P). Co-limitation by nitrogen and phosphorus has
been recurrently observed in grow-out incubations con-
ducted in the Gulf of Aqaba (Al-Qutob et al. 2002, Sug-
gett et al. 2009, this Special Issue). Our incubations took
place in the dynamic spring period, starting in March
where major nutrients are still present at the surface
(Fig. 2a), and ending in April where the major nutrients
are mostly consumed by phytoplankton (Fig. 2b). This
difference is reflected in the moderate growth of the no-
nutrient control in March as opposed to no growth at all
in the April no-nutrient control (Fig. 3).

DFB additions, from pM to µM level, resulted in pro-
gressively decreasing Δchl a values as compared to
nutrient-only controls (Fig. 3). It must be noted that
despite the obvious inhibitory effect of DFB, a positive
Δchl a, indicative of growth was observed in all DFB
amended treatments (Fig. 3). To verify that the inhi-
bitory effect of DFB resulted solely from its binding of
iron, 150 nM FeEDTA was added to a DFB containing
incubation carboy (nutrients + 50 nM DFB, Table 1b) at
33 h. A significant increase in chl a was observed in
this treatment as the iron limitation imposed by DFB
was alleviated (Fig. 3d; white square).

Effect of increasing DFB additions on the 
photochemical quantum efficiency of cells

Whereas chl a change allows the examination of
bulk autotrophic community response to DFB addi-
tions, fast repetition rate fluorometry
(FRRF) measurements provide a closer
look into the physiological status of the
cells. Here we report photochemical
quantum efficiency (Fv:Fm) — a ratio
often used as an indication of nutrient
stress, be it iron or any other nutrient
(Behrenfeld & Kolber 1999). Fv:Fm val-
ues taken from the April incubation
echo the trend seen in Δchl a data, with
highest values for the nutrient-only
control followed by progressively lower
values as DFB concentration increases
(Fig. 4). High Fv:Fm values in nutrient-
only controls were expected, consider-
ing our nutrient enrichment, absence of
DFB and relatively high concentration
of Fe in the waters at the start of our
incubations: Fetotal = 10.5±2.7 nM and
Fediss= 3.6±1.3 nM. Low Fv:Fm ratios
were observed in treatments without
major nutrient enrichment despite the
presence of FeEDTA, reaffirming that
major nutrients are in short supply

rather than iron. The Fv:Fm ratio is a measure of gen-
eral nutrient stress and had we not supplemented the
DFB incubations with major nutrients, we would have
been unable to tease major nutrient stress apart from
iron stress response. Iron stress induced by DFB was
also evident from a marked increase in Fv:Fm 24 h after
FeEDTA was added to the nutrients + 50 nM DFB incu-
bation carboy (Fig. 4b, white square). The increase in
Fv:Fm was accompanied by an increase in chl a (Fig. 3d;
white square). Photochemical quantum efficiency
measurements of incubation populations thus indicate
that phytoplankton in the Gulf of Aqaba are not iron
limited but that DFB addition induces limitation, even
when added at low concentrations.

Flow cytometry data

Flow cytometry counts of water samples taken at the
start of both incubations show Synechococcus spp. to
be numerically dominant at 105 cell ml–1. Picoeukary-
otes (<8 µm) were less dominant (~104), but due to
their larger size (1 to 2 µm compared to 0.9–1.2 µm for
Synechococcus) they account for about half of the
observed chl a. Non-photosynthetic bacteria counts
averaged at 106 cell ml–1. The 2 major autotrophic
phytoplankton groups — Synechococcus and picoeu-
karyotes — responded differently to the addition of
DFB, as demonstrated by cell density contour maps of
FACS samples taken 22 h into the April incubations
(Fig. 5). Picoeukaryote relative concentrations taper off
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Fig. 4. Photochemical quantum efficiency (variable fluorescence to maximal
fluorescence, Fv:Fm) 45 h into the April experiment. (a) Bars: incubations with-
out desferrioxamine B (DFB); (b) black diamonds: nutrient-enriched +DFB
incubations. The white square in (b) is incubation 6 (nutrients + 50 nM DFB) to
which excess FeEDTA was added at time (t) = 33 h. DFB concentration 

is represented on a logarithmic scale
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as DFB concentration increases, while Synechococcus
concentrations remain unchanged or even slightly
increase over the course of the incubation. Microscopic
analysis revealed the presence of Chaetoceros spp.
diatoms within our incubations, but their contribution
to the total biomass was minor (E. Cappuzzo pers.
comm.). Nutrient measurements showed no Si (silicic
acid) drawdown in any of the incubations; if anything
Si concentrations increased slightly in DFB (>3 nM)
amended incubations carboys as well as in the no-
additions control (Table S1, available as supple-
mentary material at www.int-res.com/suppl/a056p241
_app.pdf). This indicates that no substantial diatom
growth took place, whether it be the growth of larger
diatom species such as Chaetoceros or smaller diatoms

present in the picoeukaryote fraction of flow cytometry
counts. We therefore believe Synechococcus spp. to be
the main players in our experiments.

Short-term FeDFB uptake by iron-limited grow-out
incubation cells

The growth response obtained in +DFB incubation
carboys may merely reflect an incomplete exchange
between the ambient iron pools and DFB or growth on
intracellular iron stores rather than actual iron acquisi-
tion from the FeDFB complex. We therefore directly
explored FeDFB acquisition in a short-term uptake
experiment conducted in iron-free synthetic seawater
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Fig. 5. Flow cytometry results of side scatter (SSC) versus orange fluorescence (FL2) show 2 distinctive gated populations within
incubations: Synechococcus and picoeukaryote. (a) Initial populations in collected seawater (START) can be compared to (b,c,d)
the same populations at varying desferrioxamine B (DFB) concentrations after a 22 h period. Dotted areas indicate greater 

cell density. Beads were not run in these samples and they were used for qualitative analysis alone

http://www.int-res.com/articles/suppl/a056p241_app.pdf
http://www.int-res.com/articles/suppl/a056p241_app.pdf
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with pre-complexed 55FeDFB. The cells used for these
experiments were concentrated from incubations
treated with 1 µM DFB (Table 1) because they showed
the highest degree of iron starvation (Fig. 4). A linear
increase in intracellular 55Fe was observed throughout
both the March and April uptake experiments, clearly
demonstrating that the cells were able to acquire iron
from 55FeDFB (Fig. 6a April experiment). The mea-
sured chl a-normalized 55FeDFB uptake rates for
March and April were 6.4 × 10–11 (for 140 nM 55FeDFB)
and 2.9 × 10–11 (for 40 nM 55FeDFB) mol Fe µg1 chl a
d–1, respectively. Despite the possible shift in the nat-
ural phytoplankton composition from March to April,
the uptake rates measured during these 2 months
agree within a factor of 2 when normalized to the same
total Fe concentration.

In a parallel treatment, a large excess of DFB (1 µM)
was added to the uptake medium in order to test
whether cells apply an extracellular reduction step to

release iron from the FeDFB complex. According to the
Shaked et al. (2005) Fe(II)s model, a large excess of
iron-binding ligands can effectively compete with the
cells for the intermediate Fe species formed at the cell
surface, thus inhibiting uptake rates of organically
bound iron. A marked inhibition (77%) of the FeDFB
uptake rate was indeed observed in the presence of
1 µM DFB (Fig. 6a).

Synechococcus uptake

Iron-limited Synechococcus WH8102 were able to
acquire 55FeDFB at a rate of 3.3 × 10–13 mol Fe µg–1 chl
a d–1(Fig. 6b). The addition of excess DFB (1 µM) inhib-
ited uptake entirely (Fig. 6b), implying that the reduc-
tive pathway may play a role in FeDFB uptake by this
organism. We also tested for the effect of the Fe(II)-
binding ligand BPDS on FeDFB uptake rate. Results
were inconclusive (data not shown).

DISCUSSION

The most prominent result of our grow-out incuba-
tions is that the addition of different DFB concentra-
tions induces a spectrum of iron limitations as the
DFB titrates out naturally occurring iron in the Gulf
waters. In accordance with this, 3 ‘iron status’
regions can be identified in both the growth
response (Δchl a; Fig. 3) and Fv:Fm ratios (Fig. 4) of
incubation communities.

Region 1 (natural Fe availability: 600 pM to 3 nM
DFB) is characterized by a slight decrease in Δchl a
and Fv:Fm values as compared to the nutrient-only
control. Given the Fediss and Fetotal concentrations
measured in the incubations (3.5 ± 1.3 and 10.0 ±
2.7 nM, respectively), this region may still have
enough natural iron unbound to DFB to meet phyto-
plankton iron needs. 

Region 2 (natural Fe titration by DFB: 3 nM to 20 nM
DFB) is characterized by a sharp decrease in Δchl a and
Fv:Fm values as DFB concentration increases. The pos-
itive growth response (Fig. 3) suggests that FeDFB is
bioavailable, and uptake experiments (Fig. 6a) rein-
force this notion. Nonetheless, the bioavailability of
FeDFB present at a maximum concentration of ~10 nM
(the measured Fetotal in the incubation bottles) is too
low to meet community iron demands, given the low
Fv:Fm values which are indicative of stress.

Region 3 (competition by excess DFB: 50 nM to
1 µM) is characterized by negligible chl a increase
and Fv:Fm values are low. We propose that excess
DFB further diminishes the already restricted acces-
sibility of the FeDFB complex by competing with cells
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Fig. 6. Short-term 55Fe desferrioxamine B (55FeDFB) uptake.
The experiment was preformed with pre-complexed 55FeDFB
in artificial seawater. (a) Uptake by iron-limited April incuba-
tion populations (nutrients + 1 µM DFB; harvested after 33 h).
The same cells were used in both FeDFB and FeDFB + 1 µM
DFB uptake experiments. (b) Short-term uptake by iron-
starved Synechococcus WH8102. Cells were Fe-limited by
adding 1 µM DFB to the growing medium 48 h prior to the 

uptake experiment
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for unchelated iron formed at the cell surface by
membrane reductases.

The ensuing discussion will further examine each of
the regions defined above. The bioavailability of the
FeDFB model complex will be compared to naturally
occurring iron pools in the Gulf of Aqaba. We will
discuss the dual nature of DFB as a model organic Fe-
ligand and as an iron limitation inducer. Finally, we
will attempt to gauge the relevance of the Fe(II)s model
to the uptake of organically bound iron by natural pop-
ulations living in the Gulf as well as laboratory cultures
of Synechococcus WH8102.

Region 1. Natural Fe bioavailability

Dissolved iron profiles in vast regions of the open
ocean typically show nutrient-like depletion in surface
waters (Martin & Gordon 1988) and/or Fe minima cor-
relating with chl a maxima (Bruland et al. 1991). In
contrast, Fediss profiles from the Gulf of Aqaba (Fig. 2)
show no evident Fe drawdown in the photic zone and
no association with chl a profiles. This is not surprising
since iron input from sediment and atmospheric
sources is high (Chase et al. 2006, Shaked 2008) while
phytoplankton demand is low. An estimated daily iron
demand of ~0.1 nM d–1 can be calculated by taking the
rounded up cell counts at the beginning of our incuba-
tions of ~2 × 105 cell ml-1 (including Synechococcus and
picoeukaryotes), growth rates of 0.5 d–1 and an aver-
age cellular iron content of 1 × 10–18 mol Fe cell–1

(Sunda & Huntsman 1995). It is most probable that the
3 to 4 nM Fediss measured in the Gulf of Aqaba during
the spring season (Fig. 2) can support this demand.
Thus, a priori, phytoplankton in the Gulf of Aqaba are
not iron-limited. Physiological evidence to support this
notion is the relatively high photochemical quantum
efficiency values (Fv:Fm: ~0.5) of the autotrophic com-
munity in nutrient-only controls, not indicative of any
nutrient stress (Behrenfeld et al. 2006). In addition,
when FeEDTA was added to collected seawater at the
start of incubations, it did not elicit a growth response
(Fig. 3). Similarly, nutrient enrichments conducted in
the Gulf of Aqaba showed no further growth upon the
addition of excess Fe (Chase et al. 2006).

Added insight into the bioavailability of iron in the
Gulf can emerge from its physico-chemical speciation.
Presently, we have no information on the identity and
concentrations of iron-binding ligands in the Gulf.
Thus, we assume minor organic complexation by
humic and fluvic acids (no runoff in the arid study area)
and by siderophores (culture based studies show neg-
ligible synthesis in Fe-replete community, Trick 1989).
Colloidal iron is possibly an important constituent of
the ‘dissolved’ (<0.2 µm) iron pool, maintaining Fe

concentrations high above the solubility limit (~0.7 nM,
Byrne & Kester 1976). The intensive photochemically
driven iron redox recycling observed in the Gulf’s sur-
face waters (Shaked 2008) is likely to enhance the
chemical reactivity and subsequently the dissolution
rates of colloidal (and possibly particulate) iron which
is not directly available to most phytoplankton (Rich &
Morel 1990).

Region 2. Titration of natural Fe by DFB — FeDFB
bioavailability

All incubation carboys to which nutrients and DFB
were added showed positive Δchl a values, i.e. a posi-
tive growth response (Fig. 3). Nonetheless, grow-out
incubation data cannot be used to unambiguously
prove FeDFB bioavailability since the observed growth
may have been fueled by intracellular iron stores or
may have originated from incomplete exchange
between DFB and the natural iron pools (Wells & Trick
2004). Both of these concerns are probably of minor
importance in our relatively long (2 to 3 d) incubations.

In any event, short-term uptake experiments with
pre-complexed 55FeDFB (Fig. 6a) explicitly prove that
Fe-limited phytoplankton communities from the Gulf
of Aqaba are capable of acquiring iron from the FeDFB
complex. Since bulk, rather than size-fractionated
uptake rates were measured for limited incubation
populations, FeDFB uptake cannot be attributed to any
one specific phytoplankton group. Nonetheless, based
on the flow cytometry data from the 1µM DFB incuba-
tion carboys that were used for the uptake experiments
(Fig. 5), it seems that Synechococcus was the dominant
organism in our experiments.

While we do claim that the FeDFB complex is
bioavailable, it is important to stress that natural popu-
lations from the Gulf of Aqaba were unable to acquire
sufficient iron from FeDFB to meet their Fe needs.
Incubation populations growing with DFB (>3 nM)
were iron-limited when compared to nutrient-only
controls as seen from smaller Δchl a and Fv:Fm values
(Figs. 3 & 4). This limitation may be the result of low
absolute FeDFB concentration (maximal [FeDFB] =
[Fetotal] = 10 nM) or low bioavailability of FeDFB possi-
bly stemming from its very negative redox potential.
Another facet of Fe-limitation in grow-out incubations
is that the iron-replete cells from the Gulf may require
sufficient acclimation time before they can access
FeDFB. Iron-replete diatoms Thalassiosira oceanica
and T .pseudonana (Maldonado & Price 2001, Chen &
Wang 2008) have been shown to take up organically
bound iron less readily than iron-starved cells. This
has been put down to the activation of a high affinity
uptake system under iron stress.
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The bioavailability of any Fe-ligand complex, be it
FeDFB, FeEDTA or Fe-aerobactin, is influenced by an
entire host of parameters such as the physiological sta-
tus of the organisms, nature of the Fe-ligand and
experimental design where things such as experiment
length, Fe-ligand and free ligand concentrations can
have a crucial impact on the outcome. These factors
must be taken into account when comparing the
uptake rates of different Fe-ligand complexes across
various environments and organisms.

Region 3. Competition by excess DFB —
the reductive pathway

The experimental results presented thus far clearly
demonstrate the inhibitory effect of excess DFB: (1) a
much lower chl a increase was observed in incubations
containing 50 nM and 1 µM DFB as compared to those
with lower DFB concentrations (600 pM to 20 nM;
Fig. 3); (2) iron uptake was inhibited by over 70% in
both field and culture uptake experiments upon the
addition of 1 µM DFB (Fig. 6). To rule out the possibil-
ity that inhibition was caused by something other than
competition for reduced iron, we looked at 2 likely
experimental artifacts that could also have an
inhibitory effect: toxicity and change in Fe’ concentra-
tions. Inhibition due to DFB toxicity to cells was ruled
out by the measuring of constant Fv:Fm ratios over an
8 h incubation of Synechococcus WH8102 cultures
supplemented with 1 µM DFB (data not shown). As
previously noted, DFB buffers extremely low
unchelated iron (Fe’), so low in fact that Fe’ can neither
support phytoplankton growth nor have any real
impact on short term Fe uptake. For example, an
uptake rate of ~4 ×10–10 M d–1 measured in the pres-
ence of ~50 nM FeDFB, is 3 orders of magnitude
greater than the rate at which Fe’ dissociate from
FeDFB (3 × 10-13 M d–1). Thus, a further decrease in Fe’
concentrations when large excesses of DFB are added
is not the cause of the observed decrease in uptake
rate (Fig. 6). Fe’ concentrations do play an important
role, however, when interpreting uptake/growth inhi-
bition by the addition of excess ligands such as EDTA
or humic acid that have weaker binding constants than
DFB (Shaked et al. 2005, Chen & Wang 2008).

The recently published Fe(II)s model predicts that the
inhibitory effect of any excess Fe-ligand, be it DFB or
humic acid, stems from competition between excess lig-
and and the cells for Fe(II) formed at the cell surface
(Shaked et al. 2005). While the Fe(II)s kinetic model can-
not determine whether the excess ligand binds Fe(II) or
Fe(III), chemical competition for unchelated iron in a
FeDFB medium (which essentially contains no Fe’) re-
quires the formation of an intermediate iron species dur-

ing the uptake process. We propose this intermediary to
be Fe(II) formed by the extracellular reduction of the Fe-
ligand. This being said, it should be stated that the
Fe(II)s model is based on eukaryotic organisms and cau-
tion must be taken in its application to gram negative
bacteria such as Synechococcus spp. which have 2 mem-
branes. The Fe(II)s model should thus be reevaluated
with respect to gram-negative bacteria using a multi-ap-
proach combining a range of measurement techniques,
organisms and organically bound Fe complexes.

The reductive pathway: a broad spectrum Fe 
uptake mechanism?

The extracellular reductive model has become an
accepted archetype of eukaryotic iron-uptake (Morel
et al. 2008). Prokaryotes, on the other hand, are
thought to internalize the entire ferriligand complex
and mediate the dissociation of Fe from the ligand in
the periplasmic space or to access organically bound
iron via a ligand exchange process at the cell surface
(Armstrong et al. 2004 and references therein). It has
been traditionally thought that since certain cyanobac-
terial strains produce siderophores (Wilhelm & Trick
1994, Trick & Wilhelm 1995), their uptake mechanism
should be similar to that of other bacteria. To the best
of our knowledge, no siderophores have been isolated
from open ocean Synechococcus spp. Moreover, recent
genetic studies (Webb et al. 2001) have identified some
interesting absences in the predicted Fe-scavenging
capabilities of open-ocean cyanobacteria. Not only
could no known siderophore biosynthesis genes be
identified in the genome of Synechococcus WH8102,
but also no putative outer membrane receptor proteins
for Fe siderophore complexes were found. This omis-
sion was also evident in open ocean cyanobacterium
ProChlorococcus spp. strains MED4 and MIT9313
(Webb et al. 2001) and in the Cynaobacterium Tri-
chodesmium spp. (K. L. Roe et al. unpubl.). A mecha-
nism other than Fe-siderophore translocation through
the outer membrane, as proposed for gram-negative
bacteria, must therefore exist in these organisms. One
such alternative — iron transport via a siderophore
shuttle — was put forward by Stintzi et al. (2000). This
uptake pathway involves adjunctive ligand substitu-
tion where iron is transferred from the ferric
siderophore complex to a free siderophore bound to a
cell surface receptor. It has been proposed to exist in
heterotrophic and autotrophic marine bacteria, but no
solid experimentation was carried out to assess its
prevalence in the marine environment.

There is a fair chance that marine phytoplankton
employ a variety of iron uptake strategies, similar to
other well-studied organisms such as baker’s yeast
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Saccharomyces cerevisiae (Eide 1997). Interestingly,
while no siderophore associated system was described
for Synechococcus WH8102 nor for other open ocean
cyanobacterial strain (see above), a putative reductase
gene in the marine cyanobacterium Trichodesmium
spp. was recently reported (K. L. Roe et al. unpubl.).
Here we present the novel possibility that Synechococ-
cus spp. employ a reductive mechanism to access DFB-
bound iron. A broad spectrum reductive mechanism is
a logical solution to cope with the heterogeneity of Fe-
complexes in the ocean and could explain the reports
of siderophore ‘piracy’ amongst marine microorgan-
isms (Granger & Price 1999). The question of preva-
lence and importance of the reductive pathway as a
generalized mechanism that can be applied across a
range of phytoplankton species and Fe-ligands in the
marine environment is well worth revisiting in the
hopes of finding a common denominator in the mecha-
nisms of phytoplankton Fe-uptake.
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