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Iron limitation and the cyanobacterium Synechococcus in

equatorial Pacific waters

Abstract—Iron enrichments in bottle experiments
in high nutrient, low chlorophyll (HNLC) surface
waters typically stimulate the net growth of nano-
phytoplankton (2.0-20 pm) but not picophytoplank-
ton (<2.0 um), suggesting either that picophyto-
plankton are not Fe limited or that any increased
picophytoplankton growth is balanced by increased
microzooplankton grazing rates. Using a novel ap-
proach in which we diminish iron availability in
seawater with the fungal siderophore deferriferriox-
amine B, we demonstrate that growth of the abun-
dant picoplanktonic cyanobacterium Synechococcus
is not strongly rate limited by Fe in the HNLC equa-
torial Pacific Ocean. However, experiments at the
equator and 5°S show an unsuspected non-unifor-
mity in iron nutrition within this HNLC region. Fur-
thermore, our results indicate that a major portion
of “dissolved” (<0.4 um) iron in these waters is
unavailable to Synechococcus, providing the first ev-
idence that a significant fraction of dissolved iron
occurs in forms other than the simple hydroxy spe-

Acknowledgments

We are grateful to J. Dusenberry, M. Duran, and S.
Chisholm for providing cell counts by flow cytometry. We
thank G. Smith and E. Rue for assisting in the collection
of water samples and G. Smith for the iron determinations.
We also express our appreciation to S. DiMaulo of CIBY-
GEIGY for providing a sample of deferriferrioxamine B.

cies predicted by thermodynamic models. Deferri-
ferrioxamine B affords a powerful new tool for prob-
ing the iron nutrition of marine phytoplankton and
can provide unique insight into the role of iron in
marine biogeochemical cycles.

The difficulty in demonstrating iron limi-
tation by measuring changes in phytoplankton
abundance in iron-enrichment experiments
stems from the complicating effects of grazing.
Specific rates of picoplankton growth may in-
crease, but net rates may remain unaltered be-
cause of compensatory increases in grazing rates
by microzooplankton which cannot be exclud-
ed from samples. Recognizing this problem,
we instead investigated picoplankton iron nu-
trition by diminishing iron availability in sea-
water samples containing natural populations.
The fungal siderophore deferriferrioxamine B
(DFB), a strong Fe-complexing agent (Hudson
et al. 1992), was added to cultures to “titrate”
ambient reactive Fe, making it less available
to the biota for uptake. In this way, we turned
the complicating effects of grazing pressure to
our advantage by sensitizing the bioassay to
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Fig. 1. Accumulation of cellular ¥Fe ml~! of sea-
water over 7 h at the equator station. Unfiltered surface
(15 m) seawater was added to 250-ml polycarbonate bot-
tles and spiked with 2 nM *°Fe (O), 2 nM >°Fe premixed
with 10 nM DFB (O), and 2 nM *°Fe and 10 nM DFB
separately (@). Duplicate samples were used for each time
point. The apparent °Fe uptake in the DFB treatments
during the first hour is likely due to the incomplete re-
duction (i.e. removal) of iron associated with detrital par-
ticles and plankton surfaces (R. J. M. Hudson pers. comm.).
This interference is constant over the short incubation and
does not affect calculations of uptake rates.

changes in iron stress; small increases in Fe
limitation would lower picoplankton growth
rates which, in turn, would be expressed quick-
ly as a decrease in their abundance due to graz-
ing.

Water was collected from 15-m depth at two
stations in the Pacific equatorial upwelling zone
(0°N, 140°W; 5°S, 138°W) with ultra-trace met-
al clean sampling methods (Teflon-lined 30-
liter Go-Flo bottles on a Kevlar line) (Bruland
et al. 1979; Martin and Gordon 1988). High
nitrate (>4.5 uM) and nitrite (>0.1 uM) con-
centrations and low chlorophyll levels (0.2-0.3
ug liter—!) confirmed that these stations were
within the HNLC region. Fe concentrations in
filtered samples (<0.4 um) were ~25 pM Fe
(2.5 x 10~!! M) at the equatorial station and
35 pM Fe at 5°S.

Subsamples were transferred immediately to
2-liter acid-washed polycarbonate bottles in a
positive-pressure portable laboratory, and DFB
was added to the treatments to final concen-
trations of 10 or 600 pM DFB. The bottles
were triple-bagged in plastic and placed into
an on-deck, flowing seawater incubator cov-
ered with a neutral density screen to attenuate
light intensity to 50% that of ambient sunlight

Notes

(Price et al. 1991). Cell numbers were mea-
sured each day by flow cytometry on subsam-
ples drawn from one of the duplicate treat-
ments; the other remained sealed until near
the end of the bioassay. Random subsamples
were also analyzed for Zn by anodic stripping
voltametry (Bruland 1989) to monitor for Fe
contamination (elevated Zn levels typically are
indicative of Fe contamination—Martin et al.
1993); Zn concentrations remained at ambient
seawater levels in all the bottles tested.

Short-term >°Fe uptake experiments were
conducted to confirm that the DFB-Fe com-
plex was indeed unavailable to phytoplankton.
Unfiltered surface (15 m) seawater was added
to 250-ml polycarbonate bottles and spiked in
duplicate with radiotracer to give a final con-
centration of 2 nM *°Fe stock, 2 nM >°Fe pre-
mixed with 10 nM DFB, or 2 nM °Fe and 10
nM DFB added separately. Samples were fil-
tered gently (<7 mm of Hg) through 0.2-um
polycarbonate filters (Poretics) at different time
intervals and the filters rinsed before drying
with Ti(IIl) citrate EDTA reagent to reduc-
tively remove extracellular Fe (Hudson and
Morel 1989). >°Fe retained on the filters was
detected by liquid scintillation counting. Ra-
dioactivity (cpm) was corrected for quenching
and for radioactive decay. The net (maximum)
uptake rate of °Fe was 9.2 pM Fe h~! without
DFB added, while little or no uptake occurred
when DFB was present (Fig. 1). The latter was
true whether DFB and °Fe were premixed or
added separately. These results demonstrate
that the DFB-Fe complex was unavailable to
both phytoplankton and bacteria and that the
complexation kinetics of Fe and DFB are rapid
in seawater, going to completion within 3 min.

Deferriferrioxamine B is a hexadentate li-
gand with three hydroxamates and a terminal
amine which is protonated. The thermody-
namic stability constant between Y2~ and Fe3+
to form FeY™* is 103 M~!. Taking the ionic
strength of seawater and the side reactions of
both DFB and Fe(IIl) into account substan-
tially lowers this thermodynamic constant to
~10'5 M~!, Even so, this conditional constant
is still high enough for added DFB to effec-
tively complex any inorganic Fe species in these
surface waters up to the concentration ofadded
DFB.

Synechococcus sp. was abundant at both sta-
tions, with cell numbers of ~1 x 104 cells ml~!
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(Fig. 2), and increased in the controls (no ad-
ditions) at both stations despite observations
of zero net growth of the picoplankton (cell
division minus grazing) in this region (Cullen
et al. 1992). Net Synechococcus growth was
fastest in the equatorial control, where dou-
bling rates were ~0.5 d~! over the first 4 d of
incubation. This net growth is very similar to
that reported by Price et al. (1991) (0.64 dou-
blings d—!) and likely reflects major disruption
of grazing in the bottles. The relatively rapid
net growth of Synechococcus at this station
demonstrates that Synechococcus growth was
not strongly limited by Fe (or presumably by
other metals). This finding is supported by sep-
arate, simultaneous experiments in which iron
additions did not stimulate Synechococcus or
any other picoplanktors (Price et al. 1994).
Furthermore, in the DFB-amended samples,
Synechococcus at least doubled in biomass and
thus must have contained more than its min-
imum cellular Fe quota in situ (DFB prevented
further iron uptake), suggesting that the sea-
water dissolved Fe was adequate for luxury
consumption (sensu Droop 1974) by Synecho-
coccus and was not strongly limiting its growth
rate.

At the equator, addition of 10 or 600 pM
DFB had no discernible effect on Synechococ-
cus abundance during the first day of incuba-
tion. Subsequent cell densities in these treat-
ments were significantly less than in the control
and remained nearly constant, although the 10
pM DFB treatment had slightly higher cell
densities than the 600 pM DFB treatment after
8 d (Fig. 2A). Thus, while initial growth rates
of Synechococcus appeared to be relatively un-
affected by the siderophore, cell yields were
reduced significantly. Final cell yields in the
10 and 600 pM DFB treatments were 33 and
22% of the control. These reduced cell yields
are unlikely to be due to greater grazing pres-
sure in the treatments compared to controls.
Because the fragile grazers tend to be disrupted
during sample collection and dispersement,
presumably because shear forces are higher
than in situ conditions, a roughly uniform re-
duction of grazing pressure would be expected
in the control and treatment bottles. The lower
cell yields in DFB treatments at the equator
were thus due mainly to a reduction in the
specific growth rate of Synechococcus.

By contrast, at 5°S where the dissolved Fe
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Fig. 2. Growth response of Synechococcus to additions
of the iron chelator deferriferrioxamine B (DFB). A. 0°N,
140°W. B. 5°S, 138°W. DFB was added to give the follow-
ing final concentrations: no DFB (control) (l), 10 pM DFB
(0), and 600 pM DFB (A). One of the duplicate treatments
remained sealed until near the end of the bioassay (*).

concentration was somewhat higher (~35 pM
vs. ~25 pM Fe at the equator), DFB additions
had no apparent effect on Synechococcus den-
sity or growth rates; cell numbers increased
slowly in all treatments, even those with 600
pM DFB (Fig. 2B).

The abundance of other autotrophic pico-
plankton at the equator (Prochlorococcus and
eucaryotic sp.) declined steadily in the controls
and DFB treatments (data not shown), dem-
onstrating that loss (grazing/death) exceeded
production over the course of the bioassay. We
calculate that the decrease of Prochlorococcus
and eucaryotic populations over 6 d could have
released up to ~16 pM Fe (cell decrease of 9
x 10* and 5 x 103 cells ml~!; assumed Fe
quota of 5.8 X 1072 and 2.1 x 10~'8 mol Fe
cell~!, Brand 1991), which may have helped
fuel Synechococcus growth in the control. Cer-
tainly, the maximum >°Fe uptake rate of 9.2
pM Fe h—! (Fig. 1) supports arguments that
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cellular iron can be recycled rapidly in low Fe
regions (Hutchins etal. 1993; Priceetal. 1991).

The siderophore-induced limitation of Syn-
echococcus at the equatorial station illustrates
three central points. First, while Synechococ-
cus growth was not (strongly) limited by Fe in
situ, conditions were very near Fe limitation;
only 10 pM DFB in the presence of 25 pM
dissolved Fe substantially curtailed cell yields.
Second, the absence of net growth in DFB
treatments after day 1 shows that the in situ
cellular Fe reserves of Synechococcus were in-
sufficient to sustain net growth. Third, the
nearly identical (restricted) cell yields with 10
and 600 pM DFB additions (Fig. 2A) strongly
suggest that less than half the dissolved Fe (i.e.
25 pM Fe in the <0.2-um fraction) was bio-
logically available; if > 10 pM of Fe were avail-
able for uptake, then cell yields would have
been substantially lower in the 600 pM DFB
bottles.

Possible alternative explanations for the
strong effect of 10 pM DFB on cell yields are
that a significant proportion of dissolved Fe
was adsorbed (removed) to bottle walls or that
DFB addition decreased the soluble, reactive
Fe concentrations to the point that the Fe up-
take rate by Synechococcus became diffusion
limited. Although we cannot entirely rule out
wall adsorption effects, this explanation re-
quires that the amount of iron adsorbed to the
bottle walls coincidently matches the 10 pM
DFB addition, because adding 600 pM DFB
yielded the same result. Further, the increase
in Synechococcus biomass in the equatorial
control indicates that a large portion of the iron
remained available in the bottle, ruling out a
significant negative wall adsorption effect.
Moreover, the wall surface area of the bottles
was several orders of magnitude less than the
surface area associated with small colloidal
matter in these samples (see below), greatly
reducing the likelihood that a significant frac-
tion of the ambient seawater iron would be-
come adsorbed to the bottle walls. Note that
wall adsorption effects are of greater concern
with iron addition experiments, in which the
soluble Fe added may become associated with
the bottle walls before it can equilibrate among
natural iron species.

The cessation of growth in the DFB treat-
ments is also not a consequence of diminishing
dissolved Fe concentrations below the diffu-
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sion-limited barrier for iron uptake by Synech-
ococcus. The non-DFB complexed Fe concen-
tration of ~15 pM in the 10 pM DFB treatment
is substantially above the diffusion-limited up-
take concentration for this size cell, which we
calculate conservatively as <1 pM (0.8-um-
diam cell; cell quota of 1.6 x 10~!° mol Fe
cell~!; max growth rate of 2 d—!) (Hudson and

“Morel 1993). Differences between the control

and DFB treatments in the equatorial bioassay
thus reflect an inability of Synechococcus to
access the ~15 pM of Fe not complexed by
DFB.

Initial net growth of Synechococcus was
nearly identical in control and treatment bot-
tles at the equatorial station and was in rea-
sonable agreement with estimated in situ ab-
solute growth rates of phytoplankton in the
equatorial Pacific (Cullen et al. 1992). How-
ever, while Synechococcus had enough iron be-
fore the incubation to support a short (1 d)
burst of growth, further iron uptake was need-
ed to fuel substantial increases in cell abun-
dance. We suggest that the reduced cell yields
in DFB treatments were not caused by iron
limiting cell rate processes. Based on the min-
imum Fe quota of a Pacific Ocean isolate of
Synechococcus (clone A2169: 1.6 x 10~ mol
Fe cell=!) (Brand 1991), we calculate that the
amount of iron contained in Synechococcus
biomass ranged from ~3 to 15 pM during the
incubations. This quantity is significant com-
pared to dissolved Fe (~25 pM) in this region
and represents ~30% to >100% of the appar-
ent 10 pM of biologically available iron indi-
cated by DFB addition. Thus, modest net
growth of Synechococcus alone would con-
sume the major proportion of the available
iron, which underscores the high biological de-
mand for iron in this region. Picophytoplank-
ton biomass simply cannot increase signifi-
cantly in this region without increased iron
input.

In contrast, the initial net growth rate of
Synechococcus in the control at 5°S was half
that at the equatorial station, and DFB did not
measurably affect growth rates or cell yields
(Fig. 2B). The most straightforward interpre-
tation of this result is that iron was not limiting
in situ; i.e. the preincubation cellular Fe con-
tent had built up to a sufficient level to entirely
support the growth measured during the bio-
assay. This “luxury” Fe uptake scenario is
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plausible given the slightly higher dissolved Fe
concentration at 5°S (35 vs. 25 pM Fe). Our
data provide no evidence for the underlying
cause of slower net growth rates of Synecho-
coccus at 5°S, but we speculate that limitation
by one or more other trace elements may be
partially responsible. Although it is possible
that grazing was disrupted to a smaller degree
at 5°S than at the equator, this explanation
seems unlikely, given that sample-handling
procedures were identical at both stations. In
any event, differences in the response of Syn-
echococcus to DFB additions at the equator
and 5°S provide the first evidence of a non-
uniform degree of Fe stress within the equa-
torial Pacific HNLC region. Identifying the
magnitude and spatial scales of this variability
remains an important issue.

Our findings have significance in the broader
context of biogeochemical cycling. Syrnecho-
coccus is first among the picoplankton to re-
spond to NO;~ inputs (Glover et al. 1988),
which is an index of new (and export) pro-
duction (most picoplankton use recycled
NH,*). Fe is essential for NO;~ assimilation,
and generous Fe enrichment of HNLC sea-
water stimulates new production by causing a
transformation to a nanoplankton-dominated
(mainly NO;~ utilizing) algal assemblage (Price
et al. 1991). The findings here suggest that
smaller aeolian iron inputs, too scant to induce
such a major shift in phytoplankton assem-
blage, may nonetheless stimulate new produc-
tion by enhancing Synechococcus growth.

Results from the equatorial bioassay also
provide important insight into iron speciation
in seawater. Fe concentrations in these waters
are substantially below the solubility of amor-
phous ferric oxyhydroxides, and current ther-
modynamic models predict that under these
conditions, iron exists as inorganically com-
plexed hydroxy species (Byrne and Kester 1976;
Kuma et al. 1992; Morel 1983; Motekaitis and
Martell 1987)—forms which are readily avail-
able for uptake by phytoplankton (Hudson and
Morel 1990) or complexation by DFB. How-
ever, the inability of Synechococcus to access
the ~15 pM “free” Fe in the 10 pM DFB
equatorial treatment is evidence that a major
proportion of the dissolved Fe exists in other
chemical forms. These forms may include sol-
uble complexes with organic ligands, such as
siderophores, which are known to be produced
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by some oceanic bacteria (Reid and Butler
1991; Trick 1989).

The equatorial DFB treatments provide in-
direct evidence that organic-iron complexes
indeed exist in these waters. Cell yields in these
treatments remained constant (Fig. 2A) de-
spite the expectation that some grazing oc-
curred, particularly near the end of the bio-
assay, when protozoan populations likely had
recovered. Fe released to solution through
grazing in the form of simple hydroxyspecies
would be bound rapidly by DFB (Fig. 1), lead-
ing to a continual decrease in biologically util-
izable iron and thus a reduction in cell yield.
But cell yields remained constant, indicating
that most of the released Fe did not bind rap-
idly with DFB but instead was recycled back
to Synechococcus to fuel the continued growth
needed to maintain the cell population con-
stant. Such iron recycling might be facilitated
by the release of Fe-containing enzymes and
storage products occurring in the cytosol of
phytoplankton by the sloppy feeding of graz-
ers.

Colloidal complexes of Fe are also likely to
be an important Fe phase within the <0.4-um
fraction. Small colloids (<0.2 um), largely or-
ganic in nature, are extremely abundant in these
waters (~2 X 10° ml~!) and represent an im-
mense surface area (~12 m? m—3 of seawater)
for interaction with soluble Fe (data not shown).
Iron complexed to these colloids could be ther-
modynamically or kinetically hindered from
exchanging with or buffering the soluble Fe
forms sequestered by algae. The direct source
of these colloids is unknown, although they
may arise from phytoplankton or bacteria or
possibly result from protozoan feeding (Koike
et al. 1989; Wells and Goldberg 1994).

The novel approach used here offers a valu-
able new addition to the methodological quiv-
er from which marine scientists draw to study
the role of iron in marine systems. We have
demonstrated that the fungal siderophore de-
ferriferrioxamine B has extremely rapid com-
plexation kinetics with iron in seawater (a me-
dium foreign to the terrestrial fungi which
produce DFB) and that the resultant DFB-Fe
complex is unavailable for uptake by either
marine phytoplankton or bacteria. Thus, it is
now feasible to experimentally determine how
planktonic communities respond to both in-
creased and decreased iron inputs. DFB is a
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unique tool for probing the nature of dissolved
Fe speciation and the potential role of organic
chelators and colloids—factors which remain
the principle challenges to understanding the
biogeochemical cycle of iron in the sea.
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