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ABSTRACT: The growth and iron uptake of the coastal marine diatom Chaetoceros sociale were
experimentally measured in batch experiments at 10°C to which an acidic Fe(Ill) stock solution was
added. The direct input of Fe(Ill) into the culture media induced the highest iron uptake rate (~3.4 to
4.2 x 1079 mol Fe cell™* d™!) by C. sociale during the first day of the incubation, resulting from the sup-
ply of bioavailable inorganic Fe(IIl) species at levels above its expected equilibrium value (~0.1 nmol
I"!) with solid amorphous Fe(IIl) hydroxide in seawater. The iron uptake rate during the first day of
incubation in solid amorphous Fe(III) hydroxide medium aged for 1 d at 10°C was approximately 50 %
lower than that in the direct Fe(Ill) input media. We used a modified approach in which further iron
uptake by C. sociale from external iron in the direct Fe(IIl) input media was prevented by adding
hydroxamate siderophore desferrioxamine B (DFB) during cultivation. After the addition of DFB, the
highest growth rate (~0.5 to 0.6 d™') of C. sociale by intracellularly stored Fe in the direct Fe(III) input
media was maintained for a few days since no iron uptake was observed after the DFB addition. The
growth rate was independent of the amount of intracellularly stored Fe. However, the maximal cell
yields appeared to be relatively dependent on the amount of intracellularly stored Fe, suggesting the
presence of a critical concentration of intracellular Fe (minimum cellular Fe for growth) for phyto-
plankton growth (~1 x 10716 mol Fe cell™! for C. sociale). In the present study, maximal and minimal
Fe quotas were 3.4 to 4.2 x 107% and ~1 x 1071 mol Fe cell"! (the maximal/minimal Fe ratio of 3.4 to
4.2), respectively. The high iron uptake and storage capacity in C. sociale allows this species to accu-
mulate excess iron at high concentrations of bioavailable inorganic Fe species and to support up to
1.8 to 2.1 cell divisions without any additional iron uptake. In addition, we attempted to model the
effect of luxury uptake on growth, as biodilution of cellular Fe eventually decreases the Fe quota to a
critical threshold.
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INTRODUCTION

Iron supply is thought to regulate primary produc-
tion in the high-nitrate low-chlorophyll (HNLC)
oceanic regions such as the equatorial Pacific Ocean
(Martin et al. 1994, Coale et al. 1996), the polar South-
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ern Ocean (Boyd et al. 2000) and the subarctic Pacific
Ocean (Tsuda et al. 2003, Boyd et al. 2004) where iron
fertilization mesoscale experiments were performed. A
critical aspect of this relationship is the acquisition of
iron by phytoplankton, which occurs through a com-
plex series of extracellular reactions that are influ-
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enced by iron chemistry and speciation in seawater.
The inorganic speciation of Fe(IIl) in seawater is domi-
nated by its hydrolysis behavior and tendency to pre-
cipitate as particulate Fe(IIl) hydroxide. Recent studies
of the Fe(IIl) hydroxide solubility in seawater suggest
that the Fe(Ill) solubility is controlled by organic com-
plexation (Kuma et al. 1996, Millero 1998, Liu &
Millero 1999, 2002, Waite 2001, Tani et al. 2003, Chen
& Wang 2004), which subsequently regulates dissolved
iron concentrations in seawater (Kuma et al. 1996,
1998a, 2003, Johnson et al. 1997a,b, Archer & Johnson
2000, Nakabayashi et al. 2001). In a previous study
(Kuma et al. 1996), the iron solubility limit of fresh solid
amorphous Fe(OH); (am-Fe(Ill)) in ultraviolet (UV)-
irradiated open-ocean waters (free of organic ligands)
was 0.07 to 0.09 nmol 1! (0.1 nmol 1"!). In addition, Wu
et al. (2001) also reported that the iron solubility limit
for inorganic Fe(Ill) hydrolysis species (Fe(IIl)') in the
UV-irradiated seawater was ~0.08 = 0.03 nmol 1%,
Therefore, the equilibrium concentration of ~0.1 nmol
I"! only applies for iron in equilibrium with a fresh
amorphous solid Fe(OH); and is a maximum limit on
Fe(Ill)' in seawater. In addition, it has been reported
that the complexation of iron with natural organic lig-
ands increases the Fe(IIl) solubility in seawater (Hud-
son et al. 1992, Kuma et al. 1999, Liu & Millero 1999,
2002, Chen & Wang 2004).

In general, the iron uptake rate by phytoplankton is
related to the computed equilibrium concentration of
Fe3* in seawater and is actually dependent on the con-

centration of dissolved inorganic Fe(Ill) species
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Fig. 1. Theoretical interrelationship between concentration of
inorganic Fe(Ill) species ([Fe(Ill)']) and cellular iron uptake
rate by phytoplankton (Campbell 1995, Sunda 2001). The
solid horizontal bar on the lower right indicates the region
where amorphous Fe(Ill) hydroxide is observed to precipitate.
[Fe(II)'] should be in constant equilibrium with solid amor-
phous Fe(Ill) hydroxide in seawater. The Fe(IIl) solubility
limit for Fe(Ill)’ in seawater is likely to be approximately
0.1 nmol "' (Kuma et al. 1996, Wu et al. 2001). 2: unknown
non-linear line for iron uptake rate over Fe(IIl) solubility limit
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([Fe(Ill)'], Fig. 1), which is proportional to [Fe*| (Free-
ion activity model (FIAM); Anderson & Morel 1982,
Hudson & Morel 1990, Campbell 1995, Sunda &
Huntsman 1995, Sunda 2001), although apparent
exceptions to the FIAM exist; for example, specific
transport ligands such as siderophores or lipophilic
metal complexes that may be indirectly utilized by
cells (Campbell 1995, Soria-Dengg & Horstmann 1995,
Hutchins et al. 1999a,b, Maldonado & Price 1999, 2000,
2001, Sunda 2001), and a new model recently pro-
posed by Shaked et al. (2005) for iron uptake by
diatoms in which extracellular reduction of all Fe spe-
cies is a necessary step for iron acquisition. Therefore,
the iron uptake of phytoplankton is limited by the
equilibrium concentration of Fe(lll)’ with particulate
Fe(Ill) hydroxide in seawater (Fig. 1). In previous stud-
ies (Kuma et al. 1999, 2000), it has been suggested that
the natural organic-Fe(Ill) complexes and acidic Fe(III)
supplied by riverine input may play an important role
in supplying bioavailable Fe(Ill)’ above the equilib-
rium concentration of Fe(Ill)' in estuarine mixing sys-
tems and coastal waters. A high concentration of
Fe(Ill)' represents the actual instantaneous availability
of iron for uptake. Therefore, the direct input of con-
centrated acidic Fe(Ill) or Fe(Il) stock solution into cul-
ture solution or natural seawater is assumed to
enhance the concentration of bioavailable inorganic Fe
(Fe'": Fe(Ill)' or Fe(Il)') species above the equilibrium
concentration in seawater and to induce the highest
iron uptake rate and highest growth of phytoplankton.
In mesoscale iron fertilization experiments, the addi-
tion of a highly concentrated acidic Fe(II) solution to
the patch in HNLC oceanic regions promoted the rapid
growth of large-size phytoplankton (Coale et al. 1996,
Boyd et al. 2000) and coastal species (Tsuda et al.
2003). An increase in Fe' in marine environments is
one of the most important mechanisms for providing
bioavailable Fe'.

It has been found that the addition of excess concen-
trations of the siderophore desferrioxamine B (DFB)
essentially eliminated iron uptake in a picoplankton-
dominated community by diminishing the concentra-
tion of bioavailable Fe(Ill)' (Wells et al. 1994) and reg-
ulated iron availability in coastal upwelling waters
(Hutchins et al. 1999a, Wells 1999). DFB is a small
trihydroxamate molecule that complexes inorganic
Fe(III) with an extremely high conditional stability con-
stant (K'pereqny = [Fe(I)L]/[Fe(I)'][L'] = 10> M™%,
Hudson et al. 1992, Rue & Bruland 1995) in seawater.
However, it has been suggested that marine diatoms,
Phaeodactylum tricornutum (Soria-Dengg & Horst-
mann 1995) and iron-limited Thalassiosira oceanica
(Maldonado & Price 2000, 2001), and phytoplankton
communities in the subarctic Pacific (Maldonado &
Price 1999) can utilize DFB-bound Fe(Ill) via a cell-
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surface reduction process. In addition, Hutchins et al.
(1999b) have reported that iron bound to a variety of
siderophores is more available to prokaryotic pico-
plankton (cyanobacteria) than to eukaryotic phyto-
plankton that can efficiently assimilate porphyrin-
complexed iron, suggesting that the 2 plankton groups
exhibit fundamentally different iron-uptake strategies.
In the present study, we examined the effect of
hydroxamate siderophore DFB addition and bioavail-
able Fe(IIl)" at levels above the equilibrium concentra-
tion with solid amorphous Fe(IIl) hydroxide in seawa-
ter on the iron uptake and growth dynamics of coastal
diatom Chaetoceros sociale. The temporary high
Fe(Ill)' concentration in medium was accomplished by
adding acidic Fe(Ill) stock solution directly together
with an inoculation of culture into the culture medium.
In addition, the growth of C. sociale by intracellularly
stored Fe was accomplished by the addition of DFB,
which prevents further iron uptake from ambient
extracellular Fe in the medium. In particular, we show
that the high Fe(Ill)’ concentration in seawater is
remarkably bioavailable and induces the highest iron
uptake and growth of coastal marine phytoplankton.

MATERIALS AND METHODS

Seawater was collected from a coastal region near
Hokkaido, Japan, in the northern Japan Sea (salinity =
33.8), and was filtered through an acid-cleaned 0.22 pm
Millipore cellulose membrane filter. The filtrate
(100 ml) for Fe concentration analysis was buffered at
pH 3.2 with a 10 mol I"! formic acid, 2.4 mol I"! ammo-
nium formate buffer solution (0.5 ml 100 ml filtrate).
The Fe concentration in buffered filtrate (<2 nmol 1)
was determined with an automated Fe analyzer (Ki-
moto Electric) by placing various concentrations on an
8-hydroxyquinoline chelating column and using lumi-
nol-hydrogen peroxide chemiluminescence (CL) detec-
tion in a closed flow-through system (Obata et al. 1993,
1997). The concentrations of NO3;+NO,, PO,, and
Si(OH), in the filtered seawater measured by a Techni-
con autoanalyzer were less than 0.5, 0.1, and 5 pmol I
respectively, which are negligible compared with the
concentrations added in the culture experiments (see
below). DFB (sold commercially under the trade name
Desteral) was purchased from Sigma and stored frozen
in the dark until use. All bottles, flasks and tubes used
in our experiments were acid-washed (soaked for at
least 24 hiin 1 or 3 mol 1"* HCl solution: 1 mol I-! HCI for
polycarbonate apparatuses) followed by repeated
washing with Milli-Q water (Millipore, >18.0 MQcm™).
All the preparation and sampling for experiments were
performed in a Class 100 laminar flow cabinet to avoid
inadvertent trace metal contamination.

Culture experiments. The filtered seawater was
autoclaved for 20 min at 121°C (1.1 kg cm™?2 pressure),
and the culture medium was prepared by adding mod-
ified {/2 nutrient (Guillard & Ryther 1962) without trace
metals and EDTA to the autoclaved filtered seawater.
The modified f/2 medium contained 880 pmol I!
nitrate, 38 pmol 1! phosphate, and 105 pmol 17! silicate.
The chain-forming coastal marine diatom Chaetoceros
sociale was grown in 11 of the f/2 medium to which
acidic ferric iron stock solution (25 pmol 17! Fe(IIl);
FeNH,(SOy), - 12H,0 in 5 mmol 1"* HC], pH 2.3) was
added to make an iron concentration of 100 nmol 171,
The pH of the seawater after the acidic iron addition
was 7.98 to 8.03. Cells were grown at 10°C under
150 pmol photons m™2 s7! fluorescent light (12:12 h,
light:dark) to obtain the cell concentration of C. sociale
(cell diameter: ~6 pm, height; ~12 pm in initial station-
ary growth phase) expected at the start of the follow-
ing culture and iron uptake experiments.

Small amounts of acidic ferric iron stock solution
(25 pmol 1! Fe(lll)) and DFB solution were immedi-
ately mixed in an acid-cleaned 100 ml polycarbonate
Erlenmeyer flask. Each DFB medium was prepared by
adding 50 ml of autoclaved filtered seawater at 10°C to
each premixed DFB-Fe(lll) (molar ratios of 2.5:1, 5:1
and 10:1, pH 2.4~2.6) solution in the flask to determine
which ratio of DFB:Fe(lll) inhibited the growth of
Chaetoceros sociale over at least 20 d in culture exper-
iments. Solid am-Fe(Ill) medium was prepared by
aging the seawater medium for 1 d after adding a small
amount of acidic ferric iron stock solution to 50 ml of
autoclaved filtered seawater (10°C). The final iron con-
centration was 100 nmol 1", A {/2 nutrient stock solu-
tion and then a small amount of culture (ca. 250 pl) in
an initial stationary growth phase (Fe-limited cells)
were added to each culture flask. All major nutrient
stocks were passed through Chelex 100 ion-exchange
resin to remove trace metals (Morel et al. 1979). The
effect of direct Fe input was examined by adding a
small amount of acidic ferric iron stock solution
directly together with an inoculation of culture into the
control culture medium (10°C). In addition, the effect
of direct Fe(Ill) input and the growth by intracellular
Fe were examined by the addition of DFB to a final
concentration of 1 umol I"! (DFB:Fe(Ill) = 10:1) after
2 min and 1, 3, 5 and 7 d cultivations in direct Fe(IlI)
input medium to prevent further iron uptake by
C. sociale from ambient external Fe (dissolved Fe(III)
and solid Fe(Ill) hydroxide in the medium). DFB was
also added to C. sociale cultivated for 1 d in 1 d aged
am-Fe(IIl) culture. Control (without any added iron)
medium (<3 nmol Fe 1"!) was prepared to compare the
growth rates and cell yields with those containing iron.
C. sociale cell concentrations at the start of the culture
experiments were approximately 1000 cells ml~!. The
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light, temperature, and nutrient conditions were the
same as those of the stock culture described above.
During the experiments, cell growth was monitored
daily by triplicate cell counts (actual cells and not
chains) done with an optical microscope. Culture
experiments were conducted in triplicate.

Iron uptake experiments. Iron uptake experiments
were conducted with Chaetoceros sociale grown in
direct Fe(IlI) input and am-Fe(IlI) culture to which DFB
was added just after 1 and/or 3 d cultivations. The
long-term (3 h, 12 h, and/or daily for 1 to 7 d) iron
uptake experiments were carried out in medium to
which *°Fe(lll) was directly added. Incubations were
done at 10°C under 150 pmol photons m~2 s7! fluores-
cent light.

The direct *Fe(Ill) input culture was prepared by
adding a small volume of acidic radioactive >°Fe(III)
(New England Nuclear, NEZ-037) stock solution
(pH 2.2~2.3) to 1 1 of autoclaved filtered seawater
(10°C), which already contained modified /2 nutrient
and the Chaetoceros sociale culture in initial stationary
growth phase. The pH of the culture solution after
acidic radioactive *°Fe(Ill) addition was 7.98 to 8.05.
Solid am->°Fe(Ill) culture was prepared by adding
modified /2 nutrient and the C. sociale culture
(approximately 50 ml), after adding acidic stock
S9Fe(III) solution to 950 ml of autoclaved filtered sea-
water (10°C) and then aging for 1 d at 10°C. C. sociale
cell concentration at the start of the iron uptake exper-
iments was ca. 10000 cells ml~!. The nutrient and iron
concentrations were the same as those in the culture
experiments described above.

At each sample point (3 h, 12 h, and/or daily for 1 to
7 d) during the iron uptake experiment, a 50 ml aliquot
of %°Fe(IIl) culture solution was mixed with 20 ml of
0.175 mol 1I"! Ti(IlI)—citrate—EDTA solution (0.175 mol
I"! TiCl,, Nagcitrate - 2H,0, and Na,EDTA - 2H,0 in fil-
tered seawater, followed by an adjustment of the pH to
8 with NaOH solution) in a glass beaker. The Ti(IIl)
solution was used to rapidly dissolve freshly precipi-
tated am-Fe(Ill) (Hudson & Morel 1989, 1990) and
extracellularly adsorbed iron by reductive dissolution
of Fe(Ill) without cellular damage to Chaetoceros
sociale. After the mixture had stood for 10 min, it was
gently vacuum-filtered through a quantitative filter
paper (No. 5C, Advantec) that retains all precipitate
>1 pum. The filter was rinsed with 30 ml of 0.05 mol 1!
Ti(Ill)-citrate-EDTA solution. The drained filter was
digested with 7 ml of conc. HNOgj:conc. HCIO, (1:1)
and then diluted to 20 ml. The y-activity of 4 ml of
diluted sample in a counting vial was measured using
a gamma counter (Aloka ARC-301 B), and the results
were converted to amounts and rates of iron incorpora-
tion. In addition, iron uptake experiments for cell-free
control media (direct *°Fe(Ill) and am->Fe(IIl)) at 10°C

were conducted to ascertain the reductive dissolution
of freshly precipitated and aged am-Fe(Ill) by the
Ti(Ill) solution. In previous studies (Kuma & Mat-
sunaga 1995, Kuma et al. 2000), freshly precipitated
am-Fe(IIl) (aged for less than 1 d at 10°C) was almost
completely dissolved by the reductive dissolution with
Ti(Ill) treatment. However, aged am-Fe(Ill) produced
in direct Fe(Ill) input cell-free media during aging
above 1 d at 10°C was incompletely reductively dis-
solved by the Ti(Ill) solution because of the much
slower dissolution of aged am-Fe(IIl). The dissolution
rates of the am-Fe(Ill) phase decrease with aging time
because of the conversion to more stable phases (Kuma
& Matsunaga 1995). Therefore, iron uptake at each
sample point during the iron uptake experiments was
determined by subtracting the amount of insoluble
iron in cell-free medium from the amount of iron
uptake in medium containing cells. C. sociale cell con-
centrations at the start of the iron uptake experiments
were approximately 10000 cells ml!. During the
experiments, cell growth in each culture was moni-
tored by triplicate cell counts done with an optical
microscope.

Hydrolytic precipitation of Fe(IlI) in seawater and
dissolution of am-Fe(III) in seawater by adding
DFB. The hydrolytic precipitation rate of Fe(Ill) in
the 0.22 pm-filtered seawater was measured at 10
and 20°C by a simple filtration technique involving
y-activity measurement of °Fe previously reported by
Kuma et al. (1996, 1998b). To examine the effect of
aging time and temperature on the hydrolytic precipi-
tation of Fe(Ill) in seawater, a small amount of acidic
S9Fe(I1I) stock solution was added, previously spiked
with a small known amount of stable Fe(Ill), to 250 ml
of the 0.22 pm-filtered seawater in acid-cleaned 250 ml
Teflon bottles. In addition, the dissociative precipita-
tion rate of premixed DFB-Fe(IIl) (10:1) complex added
into the filtered seawater at 10°C was also measured
by the same filtration method (Kuma et al. 2000).
Briefly, a small amount of 5°Fe(III) stock solution and a
solution of DFB were mixed in a precleaned 250 ml
bottle (10°C, pH 2.4 to 2.6), followed by the addition of
250 ml of filtered seawater (10°C). The concentration of
iron and pH in seawater solutions was kept constant
(100 nmol 1!, pH 7.98 to 8.05) in all experiments. In
general, the addition of dissolved inorganic Fe(IIl) to
seawater results in rapid hydrolytic precipitation of
metastable Fe(Ill) hydroxide, which slowly converts to
more stable solid phases (Kuma & Matsunaga 1995,
Stumm & Morgan 1996). The bottles containing the
seawater solution and radiolabelled Fe(IIl) were kept
in an incubator (in the dark) at 10 or 20°C. While stand-
ing in the dark for 3 wk at 10 or 20°C, each 7.5 ml sam-
ple aliquot was filtered through a 0.025 pm Millipore
cellulose membrane filter and acidified by the addition
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of 10 pl of concentrated HCIl to prevent
adsorption of filtered Fe(Ill) on the wall of the
collecting vial. The y-activity of the 2.5 ml
acidified sample filtrates was measured in
5 ml counting vials with a gamma counter.
Finally, the 0.025 pm-filtered Fe(Ill) concen-
trations (Fe(Ill) hydroxide solubility) were
calculated from the y-activity (Kuma et al.
1996, 1998a).

Organic ligand (DFB)-promoted dissolu-
tion of solid am-°°Fe(Ill) produced in the
direct >°Fe(IIl) input medium was monitored
in the cell-free control and cell-containing
culture medium at 10°C during the iron
uptake experiments. Dissolution of am-
59Fe(I1I) was measured on a daily basis using
a simple filtration technique involving
v-activity measurement of *°Fe following the
same procedure as the hydrolytic precipita-
tion experiments as described above.

RESULTS
Growth rate and cell yields

In the present study, direct Fe(Ill) input to
the culture solution induced the highest
growth rate (0.55 to 0.58 d’!, Table 1,
Fig. 2A) and the highest maximal cell yields
(141000 to 147000 cells ml!, Table 1),
showing values similar to those in the same
medium in the previous study (Kuma et al.
2000). The relative order for growth rates
and maximal cell yields on different media
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Fig. 2. Chaetoceros sociale. Change in cell numbers of cultures supplied
with direct Fe(Ill) input, premixed DFB (desferrioxamine B)-Fe(IlI) com-
plex and solid am-Fe(Ill) (amorphous Fe(OH)3) (10°C). (A) Growth in direct
Fe(Ill) input, premixed DFB-Fe(IlI) complex (2.5:1, 5:1 and 10:1), solid am-
Fe(Ill) and control (no iron addition) media. (B) Growth in direct Fe(IIl)
input medium without or with addition of DFB after 2 min and 1, 3, 5 and
7 d. Data on cell concentrations represent the mean (n = 3) for triplicate
culture experiments

Table 1. Chaetoceros sociale. Growth rate and maximal cell yields (see Figs. 2B & 3) in direct Fe(Ill) input and 1 d aged am-Fe(IlI)
(amorphous Fe(OH);) media (10°C) to which DFB (desferrioxamine B) was added after incubation for 1 or 3 d (DFB:Fe(IIl) = 10:1).
N: not determined (range given for A and +1 SD for B)

at start
(103 cells mlI™?)

Medium Cell number Addition of DFB Specific growth rate Maximal cell
(1 pmol 1Y) (w, dh yields [Cn]

(x103 cells ml™?)

(A) Growth rate experiment (n = 3, Fig. 2B)

Direct Fe(II) 1 No addition 0.55-0.56 (0-10d) 141-147
Direct Fe(IlI) 1 After 7 d incubation 0.57-0.58 (0-9 d) 124-130
Direct Fe(III) 1 After 5 d incubation 0.56-0.57 (0-8 d) 93-101
Direct Fe(III) 1 After 3 d incubation 0.55-0.57 (0-6 d) 39-40
Direct Fe(IlI) 1 After 1 d incubation 0.49-0.52 (0-5d) 13-17
Direct Fe(III) 1 After 2 min incubation N N

(B) Iron uptake and growth rate experiment (n = 1, Fig. 3)

Direct Fe(II) 10 No addition 0.50 + 0.01 (0-5d, r=0.999) 126 + 20
Direct Fe(III) 10 After 3 d incubation 0.47 £0.01 (0-4 d, r = 0.999) 66 +4.5
Direct Fe(IlI) 10 After 1 d incubation 0.46 + 0.02 (0-3 d, r = 0.999) 52+ 1.7
1 d am-Fe(III) 10 After 1 d incubation 0.45 +0.05 (0-2d, r=0.994) 43 +2.2
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Fig. 3. Chaetoceros sociale. Long-term iron uptake and growth in direct Fe(III)
input media and 1 d aged am-Fe(Ill) medium without or with addition of DFB af-
ter 1 and/or 3 d cultivations. (A) Iron uptake rates by C. sociale in direct Fe(III)
input media with addition of DFB after 1 and 3 d and in 1 d aged am-Fe(IIl)
medium with addition of DFB after 1 d. Radiolabelled iron uptake [D,.qi0] repre-
sents mean + 1 SD for values from 1 to 5 d in the DFB (1 d) media and from 3 to
5 d in the DFB (3 d) medium. (B) Growth in direct Fe(IIl) input media and 1 d
aged am-Fe(IIl) medium without or with addition of DFB after 1 and/or 3 d. Data

on cell concentrations represent mean + 1 SD (n = 3) for triplicate cell counts

Iron uptake and growth rate

The long-term radiolabelled iron uptake rates by
Chaetoceros sociale and the growth in direct Fe(IlI)
input and am-Fe(Illl) media, into which DFB was
added after 1 and/or 3 d cultivations, were measured
during cultivation for 7 d at 10°C (Fig. 3). The cellular
iron uptake (nmol I"!) by C. sociale in all media was
prevented by the addition of DFB and remained
nearly constant for 2 to 4 d after DFB treatment
(Fig. 3A). However, after 5 d the cells reached sta-
tionary phase and thus iron uptake rates decreased
(Fig. 3). In the direct Fe(Ill) input medium, the iron
uptake rate decreased gradually with cultivation time
for 0 to 3 d before DFB addition and the highest rate

was observed during the initial iron uptake during
0 to 1 d. The iron uptake rate during 0 to 1 din 1d
aged am-Fe(Ill) medium was approximately one-third
lower than those during 0 to 1 d and almost the same
as that during 1 to 2 d in direct Fe(Ill) input medium.
The order of iron uptake was: DFB (3 d) > DFB (1 d) >
am-Fe(Ill)-DFB (1 d) (Fig. 3A, Tables 1 & 2). If cells
are under identical steady state growth conditions
both before and after addition of radiolabelled Fe, it
is necessary to allow the phytoplankton to go through
8 successive transfers in order to measure intracellu-
lar Fe quotas by radioactive *°Fe uptake, so that the
Fe within the cells was 100 % radiolabelled,. The ini-
tial cultures in the iron uptake experiments had a cell
density of 10000 cells ml"!. The growth rate was
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Table 2. Chaetoceros sociale. Iron uptake (see Fig. 3) in direct Fe(Ill) and 1 d aged am-Fe(Ill) media (10°C) to which DFB was
added after incubation for 1 or 3 d. Values of [Q)] for the direct Fe(IIl) input medium (DFB (1 d)) and 1 d aged am-Fe(Ill) medium
(DFB (1 d)) are also the corrected iron uptake rate with units of mol Fe cell™* d!

(x107'2 mol Fe ml™")

Medium Radiolabelled Fe Cell density when Maximal cell Cellular Fe Critical cellular Fe
uptake (for 1, 2 or 3d) DFB was added yields [Cn] (Fe quota: [Q)]) [Qcril
[Dradio] [CDFB] (X 103 cells mlil) [DradiO] / [CDFB] [DradiO] / [CH]

(x10° cells mI™?)

(x107'* mol Fe cell™!)

Iron uptake and growth rate experiment (cell density at start: 10 000, n = 1, Fig. 3)

Direct Fe(IIl)-DFB-3 d 6.14 (1 d%) 14.8+1.7 (1 d9
9.66 (2 dY) 25.9+2.8 (2 dY
11.14 £ 0.25 (3 d) 40.7 4.5 (3 d)
Direct Fe(Il)-DFB-1d ~ 5.08 + 0.42 (1 d) 152 + 3.4
1dam-Fe(Il)-DFB-1d  3.42+0.25 (1 d) 17 £56

“Values were obtained by incubation for 1 and 2 d before DFB addition on Day 3

66 +4.5 ~4.15% ~0.93%
66 + 4.5 ~3.73% ~1.46°
66 +4.5 2.73 + 0.07 1.69 £ 0.16
52+ 1.7 3.35 + 0.27 0.98 +0.11
43 £2.2 2.01+0.14 0.80 +0.10

approximately 1 division d~! (Fig. 3B). Thus, after 1 d,
the cell density will increase to 20000 cells ml™' and
cells will be 50 % radiolabelled. In the next cell divi-
sion, the Fe within the cells will be 75 % radiolabelled
and the cell density will reach 40000 cells ml™.
Therefore, if the cells are collected before undergo-
ing 8 divisions, the intracellular Fe concentrations
which were measured with radioactive Fe need to be
corrected for the non-radioactive (cold) Fe in the cells
at the beginning of the experiment. However, the
iron uptake experiments in the present study were
started with Fe-limited cells, which are documented
to have higher iron uptake rates than Fe replete cells
under excessive Fe(lll)’ conditions. Sunda & Hunts-
man (1995) reported that relative ratios of Fe replete
and limiting quotas in oceanic and coastal phyto-
plankton are roughly 10 to 20 in a long-term iron
uptake experiment. For example, if Fe limited cells
contained 10 amol Fe cell'! before the addition of
excessive Fe', and the steady state quota (Q) with
excessive Fe' is 100 to 200 amol Fe cell™!, with a spe-
cific growth rate (u) of 0.7 d”!, then the steady state
uptake rate under the excessive Fe' conditions is i X
Q = 70 to 140 amol Fe cell'! d"!. Thus, after 1 d, the
Fe within the cells would be nearly 100% (~93 to
97 %) radiolabelled.

Cell concentrations in DFB-added media increased
logarithmically for 1 to 2 d even after addition of
DFB (Fig. 3B). The growth rates (0.45 + 0.05 to 0.47 +
0.01 d!) in DFB-added medium were the same as
that (0.50 + 0.01 d™!) in direct Fe(Ill) input medium
without addition of DFB (Table 1). However, the
maximal cell yields in DFB-added medium were one-
third to one-half lower than that in direct Fe(IlI)
input medium without any addition of DFB. The
order of maximal cell yields was: direct Fe(Ill) in-
put (no DFB) > DFB (3 d) > DFB (1 d) > am-Fe(IlI)-
DFB (1 d).

Hydrolytic precipitation of Fe(III) and organic
ligand-promoted dissolution of am-Fe(III) by
addition of DFB

The hydrolytic precipitation rates of Fe®* in filtered
seawater were extremely fast, resulting in extremely
low 0.025 pm filterable (dissolved) Fe concentrations
within short aging times (Fig. 4A). For example, the
dissolved Fe concentrations with 1 d aging were 6.2
and 1.9 nmol 1! at 10 and 20°C, respectively (initial
Fe added: 100 nmol I!). In addition, the hydrolytic
precipitation rate of Fe3* at 10°C was slower than that
at 20°C. The dissolved Fe concentrations at 10°C de-
creased gradually (1.98 to 0.74 nmol 1) during aging
for 1 to 3 wk, while those at 20°C were nearly con-
stant (within the range 0.26 to 0.36 nmol 1) during 1
to 3 wk. Total (unfiltered) Fe concentrations decrea-
sed gradually with aging time over 3 wk up to ~50 to
60 nmol 1"! because of the sorption of hydrolytic
precipitated Fe (particulate Fe) on the wall of Teflon
bottles (data not shown). The long-term dissolved
(soluble) iron concentrations of ~0.3 nmol I"! are most
likely due to the presence of soluble iron organic
species as mentioned above. In contrast, precipita-
tion (loss from solution) from DFB-Fe(Ill) (10:1) com-
plex in seawater was not observed during aging for
10 d at 10°C (Fig. 4B). In addition, Fig. 4B presents
the organic ligand (DFB)-promoted dissolution rates
of solid am-Fe(Ill) produced in direct Fe(Ill) input
media (DFB (1 d) and DFB (3 d)), which were aged
for 1 and 3 d at 10°C during the iron uptake experi-
ments. There was almost no difference between the
cell-free control and the cell-containing medium. The
rates of DFB-promoted dissolution were relatively fast
for 1 d after the addition of DFB and then became
slower with time. DFB-promoted dissolution rate of
1 d aged am-Fe(Ill) was faster than that of 3 d aged
am-Fe(III).
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Direct Fe(Illl) input medium pro-
moted the maximal cell yields and
growth rate (Fig. 2A). In general, iron
uptake rate by marine eukaryotic
phytoplankton is related to the con-
centration of kinetically labile inor-
ganic Fe species (Fe': Fe(Il)) and
Fe(Ill)'), which is proportional to [Fe?*]
and [Fe*'], respectively (Fig. 1), and
independent of the concentration of Fe
chelated to organic ligands such as
EDTA and DFB (Campbell 1995,
Sunda & Huntsman 1995, Sunda 2001)
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DFB-Fe complex than those of Fe'
(Maldonado & Price 2000, 2001). The
stable oxidation state of iron in oxic
seawater is Fe(lll), which has an ex-
tremely low solubility. The equilibrium
concentration of Fe(Ill)’ with particu-
late Fe(Ill) hydroxide in seawater is
approximately 0.1 nmol 1! (Kuma et
al. 1996, Wu et al. 2001), which limits
the iron uptake of phytoplankton. In
fact, the maximal cell yields in 1 d
aged am-Fe(ll) medium was two-
thirds lower than the direct Fe(Il)
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Fig. 4. Time-course of hydrolytic precipitation of Fe**, Fe(IIl) dissociative precip-

itation of premixed DFB-Fe(Ill) complex and organic ligand (DFB)-promoted

dissolution of solid aged am-Fe(IIl). (A) Hydrolytic precipitation rate of Fe®* in

seawater at 10°C and 20°C. (B) Fe(IIl) dissociative precipitation of premixed

DFB-Fe(IIl) (10:1) complex in seawater (10°C) and DFB-promoted dissolution of
solid 1 and 3 d aged am-Fe(IIl) in culture media (10°C)

DISCUSSION
Biological eifect of high bioavailable Fe level

No growth was observed in premixed DFB-Fe(IIl)
(5:1 and 10:1) complex and control media (Fig. 2A) and
in DFB (2 min) culture medium (Fig. 2B). Therefore,
cells inoculated into the culture and iron uptake exper-
iments were iron-limited. The cells collected at an ini-
tial stationary growth phase (~9 to 10 d cultivation in
the direct Fe(Ill) input medium) were iron-limited
because of the rapid decrease in bioavailability of
hydrolytic precipitated Fe with time in the medium
(Kuma & Matsunaga 1995).

input medium (Fig. 2A). In addition,
5 equilibrium calculations in premixed
DFB-Fe(Ill) (5:1 and 10:1, Fe(Ill) =
100 nmol I"!) media indicate that bio-
available Fe(Ill)’ would be limited to
~107"” mol I'! (K'per pequy = 10%%° M =
[Fe(IIl)L]/[Fe(IlI)'][L'], Rue & Bruland
1995, Croot & Johansson 2000), or sev-
eral orders of magnitude below the
levels needed to support phytoplank-
ton growth. In the present study, the
direct input of Fe(lll) into the culture media contain-
ing phytoplankton induced the highest radiolabelled
iron uptake rate (~3.4 x 107'® mol Fe cell* d7,
Fig. 3A, Table 2) by Chaetoceros sociale during the
first day of incubation in the long-term iron uptake
experiment, resulting from the high supply of Fe(III)".
In addition, the highest radiolabelled iron uptake rate
(~3 x 1077 mol Fe cell'' h™! x 24 h = ~7 x 10715 mol Fe
cell' d!) was also observed during the short-term
iron uptake experiment with C. sociale in the direct
Fe(Ill) input medium in our previous study (Kuma et
al. 2000). The short-term iron uptake rate exceeded
the long-term uptake rate (Fig. 3A), probably sug-
gesting that the inoculated cells were iron-limited

_‘
-
| —
1
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before the start of culture and iron uptake experi-
ments in the present study. In addition, the long-term
cellular radiolabelled iron uptake rate by C. sociale
(cell diameter: ~7 to 10 pm, smaller than that [~12
pm] for Thalassiosira weissflogii normalized to equiv-
alent spherical cell surface area was 1 to 2 x 10°® mol
Fe m™>2 4!, nearly consistent with rates for coastal
and oceanic phytoplankton (T. weissflogii, T. pseudo-
nana, T. oceanica and Prorocentrum minimum) at the
high Fe' concentrations in previous studies (Sunda &
Huntsman 1995, 1997). Therefore, the direct input of
concentrated acidic Fe(Ill) stock solution into culture
media temporarily enhances the concentration of
Fe(Ill)) above the equilibrium concentration (~0.1
nmol I"!) with solid amorphous Fe(Ill) hydroxide in
seawater and induces the highest iron uptake and
growth rates of phytoplankton, although the
hydrolytic precipitation rate of Fe3* in seawater was
extremely fast (Fig. 4A).

Our results and interpretations also suggest that the
natural organic-Fe(Ill) complexes (Fe(Ill)-L) and acidic
Fe(Ill) supplied by riverine input may play an impor-
tant role in supplying Fe(IIl)’ in estuarine mixing sys-
tems and coastal waters (Stumm & Morgan 1996,
Kuma et al. 1999, 2000) as follows:

k. k
Fe(Ill)-L. —>» Fe(Ill)) —>» Fe(IIl) hydroxide (1)

In addition, temporary high concentrations of Fe(Il)’
and Fe(Ill)' in seawater would have been caused by the
supply of concentrated acidic Fe(ll) solution (approxi-
mately 0.5 mol 1"' Fe(ll) at about pH 2) to HNLC
oceanic regions in mesoscale iron fertilization experi-
ments (Martin et al. 1994, Coale et al. 1996, Boyd et al.
2000, Tsuda et al. 2003). In oxic seawater, the oxidation
rate of Fe(Il) is strongly dependent upon pH and
temperature (Millero et al. 1987). In addition, a longer
half-life can be expected when there is organic com-
plexation (Santana-Casiano et al. 2000) and/or lower
temperature (Kuma et al. 1995, Croot et al. 2001, Croot
& Laan 2002). For example, the half-lives of Fe(Il) in
seawater are approximately 10, 7, and 5 min at 5, 10,
and 15°C, respectively (Kuma et al. 1995). In addition,
the oxidative hydrolytic precipitation of Fe(ll) in sea-
water is given by:

ki kiy
Fe(ll)) —> Fe(Ill)) —> Fe(Ill) hydroxide (2)

Eqgs. (1) & (2) are termed consecutive reactions
where the rate constants of individual steps are such
that all steps must be considered. Eqgs. (1) & (2) con-
sider the time-dependent concentrations of the inter-
mediate products, and the final product (Brezonik
1994). The concentrations of the intermediate product
(Fe(Ill)') reach a maximum at some intermediate time
and would be temporarily above the solubility equi-
librium concentration of Fe(Ill)' with solid Fe(Il)

hydroxide in seawater. The maximum concentrations
of Fe(Ill)" depend on the relative sizes of k; and k;; in
Eq. (1) and k; and k;, in Eq. (2).

Growth by intracellularly stored Fe

In the present study, the highest specific growth rate
of Chaetoceros sociale was maintained for 2 to 4 d even
after the addition of DFB, which prevented further iron
uptake from ambient extracellular Fe in the culture
media (Figs. 2B & 3B). The growth rate was relatively
independent of the amount of intracellularly stored Fe
(Fig. 3, Tables 1 & 2). The value of intracellular Fe ([Q)])
was simply calculated by dividing the amount of radio-
labelled Fe uptake ([D;agi0]) for 1 or 3 d by cell density
([Cprg]) when DFB was added for the Fe uptake mea-
surements (Fig. 3, Table 2). Values of [D,.q0] and [Q]
for the direct Fe(Ill) input and 1 d aged am-Fe(IlI)
media (DFB (1 d)) are also the iron uptake rates with
units of mol Fe ml! d! and mol Fe cell! d°}, respec-
tively. The intracellular Fe ([Q]) in culture media
ranged from 2 to 3.4 x 107'® mol Fe cell™! (Table 2). The
critical concentration of intracellular Fe ([Q.]) for
phytoplankton growth was simply calculated by divid-
ing [Dyaqio] by maximal cell yields ([Cn]) (minimum cel-
lular Fe on growth: [Qu;] = [Dragio] / [Cn] = ~1 x 10716
mol Fe cell”! except for the value (1.7 x 1071® mol Fe
cell!) obtained in the direct Fe(Ill) input (DFB (3 d))
medium, Table 2). The higher [ Q] for the direct Fe(II)
(DFB (3 d)) medium is probably due to the overesti-
mate of [D;.qi] because of the incomplete reductive
dissolution of 3 d aged hydrolytic precipitated am-
Fe(Ill) by Ti(Ill) treatment (Kuma & Matsunaga 1995,
Yoshida et al. 2005).

At high iron concentrations, phytoplankton can often
accumulate an excess of iron than that needed to sup-
port maximum growth. Such luxury uptake at high
iron concentrations was observed in a culture experi-
ment of oceanic and coastal eukaryotic algae (Sunda &
Huntsman 1995, 1997, Sunda 2001). In the present
study, the higher iron uptake rates (~3.4 x 107'° and
4.2 x 107*® mol Fe cell'! d!) by Chaetoceros sociale
were observed during the first day of incubation in the
direct Fe(Ill) input media and were 1.5 to 2 times
higher than that in 1 d aged am-Fe(Ill) medium
(Fig. 3A, Table 2). The iron uptake rate by eukaryotic
phytoplankton is generally dependent on the concen-
tration of dissolved Fe(Ill)’ (Anderson & Morel 1982,
Campbell 1995) although a new model for iron uptake
through the extracellular reduction of all Fe species
was recently proposed by Shaked et al. (2005). There-
fore, the higher iron uptake rates would have been
accomplished at a high iron concentration of bioavail-
able Fe(Ill)' above the equilibrium concentration
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(~0.1 nmol 1) with solid amorphous Fe(IIl) hydroxide
in seawater during the initial incubation after the
direct input of Fe(lll) into the culture media. Sunda &
Huntsman (1995, 1997) reported that the maximum
iron accumulation in an oceanic coccolithophore and
in coastal dinoflagellates was 2 to 3 times the amounts
needed to support maximum growth rates, but sub-
stantially higher luxury uptake was observed in
diatoms. In the present study, maximum iron accumus-
lation (higher intracellular Fe: 3.4 to 4.2 x 107® mol Fe
cell™!) in the coastal diatom C. sociale was 3 to 5 times
the amounts (minimum intracellular Fe on growth
[Quil: ~1 x 107 mol Fe cell !) needed to support maxi-
mal cell yields (Fig. 3, Table 2). The high iron uptake
and storage capacity in C. sociale allows this species to
accumulate excess iron at a high concentration of
Fe(Ill)" and to support up to 2.3 cell divisions without
any additional iron uptake (Fig. 3B, initial cell density:
10000 cells ml™! at 0 d). According to previous work on
minimal [Qpupinima] and maximal [Qupaxima] intracellular
Fe levels (Maldonado & Price 1996), phytoplankton
isolated from oceanic and coastal waters have a ratio
([ Quaximatl/[ Ruinima]) of 15 +9.9 and 9.33 + 7.54, respec-
tively. If [ Quinimal] 1S equal to [Q.y], the ratios of 9 to 15
would support 3.2 to 3.9 cell divisions. In the present
study, growth of C. sociale after the addition of DFB at
1, 3 and 5 d cultivations in direct Fe(Ill) input media
(Fig. 2B, initial cell density: 1000 cells ml ! at 0 d; intra-
cellular Fe was not measured) continued for 3 to 4 d up
to 3.0 to 3.5 cell divisions {log, ([Cn]/[Cprg])}. These
values were remarkably consistent with those calcu-
lated from [Qpnaximall/[ Qminimal] ratios (9 to 10) of phyto-
plankton isolated from coastal waters (Maldonado &
Price 1996). In addition, the iron uptake rate may have
been affected by cell density when iron was directly
added to the culture solution, probably resulting in the
higher iron uptake rate with the lower cell density
(Figs. 2B & 3, Table 1). However, according to the min-
imum Fe quota [Qu,] required for maximum growth
rates (Umay) @and the maintenance Fe quota [Quaini] (=
[Qui] in the present study) extrapolated to where
growth rate is zero, since cell yields are affected by
DFB, DFB must cause the growth rate to decrease once
the growth rate becomes dependent upon cellular Fe,
where [Q] < [Qumn] but > [Quan]. In fact, a slight
decrease in the growth rates (Sun.:) was observed
before reaching the maximal cell yields [Cn] after the
addition of DFB (Figs. 2B & 3B), indicating the exis-
tence of [Qmin] (>[Qmaint]) and [Qmaint] (= [chi])'

Sunda (2001) concluded that diatoms can accumu-
late excess iron during a period of high availability,
which can then be drawn upon later to support high
growth rates during blooms. The enhanced capacity
for iron storage may be an important factor in allowing
phytoplankton to out-compete other species during

episodic blooms. Such luxury uptake can be especially
beneficial where iron concentrations are spatially and
temporally variable, such as in many coastal environ-
ments, coastal and oceanic upwelling regimes, and
oceanic systems receiving episodic eolian iron inputs.
It has been reported that the oceanic diatom had a
much lower growth requirement for cellular iron than
its coastal congener, but the surface area-normalized
iron uptake rates of the 2 species were similar (Sunda
et al. 1991, Sunda & Huntsman 1995, 1997). The ability
of the oceanic species to outgrow its neritic congener at
low iron concentrations was due to its unusually low
cellular iron requirement. In the present study, there-
fore, the oceanic species may have a lower critical con-
centration of intracellular Fe (mol Fe (mol C)™) for
growth than the coastal species. The supply of high
concentrated acidic iron solution to iron-limited HNLC
regions in iron fertilization experiments may induce
luxury iron uptake by coastal and/or large phytoplank-
ton species at high concentrations of bioavailable Fe'.

Dissolution rate and bioavailability of aged
am-Fe(III)

The hydrolytic precipitation rate of Fe®* in seawater
was fast, resulting in an extremely low 0.025 pm filter-
able (dissolved) Fe concentration with short aging time
(Fig. 4A). In general, the freshly precipitated am-
Fe(Ill), in which very fine particles with a large surface
area and structural disorder occurs, consists of aggre-
gates of hydrated ferric ions that have a very low ther-
modynamic stability. In the present study, some of the
fine particles (polymeric ferric oxyhydroxide species)
in the freshly precipitated am-Fe(IIl) may pass through
a 0.025 pm filter. Freshly precipitated am-Fe(IlI) un-
dergoes continuous chemical changes with time (loss
of water and increased crystallization) that are not eas-
ily quantified. An increase in the thermodynamic sta-
bility of am-Fe(Ill) substantially decreases the solubil-
ity and lability of the solid am-Fe(Ill) phase and
thereby decreases iron availability to phytoplankton
(Wells et al. 1983, 1991, Kuma & Matsunaga 1995). The
actual particulate solid hydroxide or oxide phase regu-
lates the solubility of dissolved inorganic Fe species
[Fe(Ill)']. In the present study, the solubility measure-
ments of am-Fe(lll) in seawater indicated a rapid de-
crease of dissolved Fe concentrations with aging time
(Fig. 4A), suggesting that am-Fe(Ill) in seawater solu-
tion changes to larger and more stable particles with
aging time (Crosby et al. 1983). In addition, lower tem-
perature retarded the conversion to larger particles.

In a previous study (Kuma & Matsunaga, 1995), pro-
ton-promoted dissolution rates of am-Fe(IIl) decreased
rapidly with aging time. In the present study, organic
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ligand (DFB)-promoted dissolution rate of 3 d aged am-
Fe(Ill) was slower than that of 1 d aged am-Fe(IIl)
because of the conversion to more stable phases in cul-
ture solution with time during culture experiments
(Fig. 4B). Organic ligands tend to become adsorbed
specifically and to form surface complexes with the
Fe(Ill) Lewis acid centers of the hydrous oxide surface.
They also usually form complexes with Fe(IIl) in solu-
tion. Complex formation in solution increases the solu-
bility. The enhancement of the dissolution rate by a lig-
and in surface-controlled reaction implies that surface
complex formation facilitates the release of ions from
the surface to the adjacent solution (Stumm 1992). In
addition, there was no growth in DFB-Fe(IIl) (10:1)
medium at 10°C (Fig. 2A) and Fe(IIl) dissociative pre-
cipitation of premixed DFB-Fe(Ill) (10:1) complex in
seawater (10°C) was not observed for 10 d (Fig. 4B).
The rate of DFB-Fe(Ill) dissociation is quite slow
(K'FeL,Fe(III]' = Kiormation/ Kaissociation = [Fe(llI)L]/[Fe(IlI)']
[L'] = 10'®° M), Excess ligand in this experiment
(DFB-Fe(Ill) (10:1)) would rapidly recomplex any
librated Fe(IIl)'. Thus, the steady state concentration of
Fe(Ill)’ is several orders of magnitude below the
expected range of oxyhydroxide formation, which
should preclude the formation of a colloidal precipi-
tate. Therefore, the dissolution of am-Fe(Ill) by the
addition of DFB during incubation in the present study
prevented further iron uptake by Chaetoceros sociale
from ambient external iron in the culture media. These
above results suggest that the bioavailabilty of am-
Fe(Ill) produced in culture solution decreases rapidly
with time during culture experiments, resulting from a
decreased dissolution rate of am-Fe(IIl) with time.

Simple model for phytoplankton growth by
intracellularly stored Fe in direct Fe(III) input media

The results of iron uptake and growth rate experi-
ments indicated that the direct Fe(IIl) input to the cul-
ture media induced the highest Fe uptake rate (~3.4 x
1071 mol Fe cell'! d!) by Chaetoceros sociale during
the first day of incubation. The highest specific growth
rate (~0.5 d™!) of C. sociale was maintained for a few
days even after the addition of DFB. The duration of
cell division yields and the maximum cell yields
appeared to be dependent on the amount of intracellu-
larly stored Fe, suggesting the presence of a critical
concentration of intracellular Fe on phytoplankton
growth ([Qu] = ~1 x 10719 mol Fe cell'! for C. sociale).
In this model, we simply assumed that [Q.;] in the pre-
sent study is equal to the minimum Fe quota [Qy]
required for [, and the maintenance Fe quota [ Quaint]
extrapolated to where growth rate is zero ([Q.i] =
[Qmin] = [Qmaint]), although a slight decrease in the

growth rates (Spuyay) Was observed before reaching the
maximal cell yields after the addition of DFB (Figs. 2B
& 3B) and [Qun] is generally >[ Quaint]. In addition, the
decrease in cell concentrations after maximal cell
yields (Figs. 2B & 3B) is presumably due to a continu-
ous release of non-bioavailable Fe from cells and a
temporal change from dissolved Fe to the particulate
Fe phase. These model assumptions result in maximal
cell yields being reached without a decrease in growth
rates (SUmay) after DFB addition, very similar to the
experimental results of phytoplankton growth in the
present study. To understand the effect of iron on
phytoplankton growth in the present study, we con-
structed a preliminary iron-based ecosystem model in
the direct Fe input media by determining some para-
meters (i.e. phytoplankton growth, transfer rate from
dissolved Fe to particulate Fe, excretion rate of cellular
Fe from dead cell).

To interpret the temporal decrease in dissolved Fe
concentrations with aging time in the Fe(IIl) hydrolytic
precipitation experiment (Fig. 4A), we present a model
assuming a first-order transfer reaction with a rate con-
stant, ky, from dissolved Fe to particulate Fe at an early
period of rapid Fe(Ill) hydrolytic precipitation and a
back reaction with a rate constant, k,, from unstable
fine particulate Fe to dissolved Fe in the slow conver-
sion process to more stable particulate Fe with time.
Hence a reciprocal of k; is defined as an experimental
progress time t as follows:

k() = ci/(cp+ 1) 3)

where c¢; and ¢, are unknown constant values. In our
previous study (Yoshida et al. 2006), we estimated the
constant values of ¢; and ¢, using a fitting procedure in
order to search for the best fit to the temporal change of
dissolved Fe concentration (Dge) (Fig. 4A). In our model,
Dy, change calculated with ¢;=5.0d and c;=1.5d is
well consistent with the measured D, change with
time in the culture experiment at 10°C (Fig. 5, Yoshida
et al. 2006). Here, a time-developing model between
Dy, and particulate Fe concentrations (Pg.) is given by:

dDFe/dt = _leFe + kz(t)PFe (4)

dPre/dt = ki Dpe — ky(t) Pre 6)

We can roughly estimate k; = 30 d! from a rapid
decrease in Dg, (100 nmol 1! (t = 0) to 16 nmol I"! (¢t =
1 h) with k; = 44 d"! and to 12 nmol I"! (¢ = 3 h) with k;
=17 d}) at an early stage of the Fe(III) hydrolytic pre-
cipitation experiment (Fig. 4A) because of a first-order
reaction of hydrolytic precipitation at k;Dg, >> k,Prg,.
Initial values of Dg, and Pg, at t = 0 d in the direct Fe
input media are 100 and 0 nmol 1"}, respectively.

We constructed a simple iron-based ecosystem
model using the total amount of intracellular Fe (Da) in
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Fig. 5. Hydrolytic precipitation rate model of Fe** in seawater
with 100 nmol Fe 1! at 10°C (thick line: hydrolytic precipita-
tion rate model; open circle: observed dissolved Fe concentra-
tion). The model assumed a first-order transfer reaction with a
rate constant, k;, from dissolved Fe (Dg,) to particulate Fe (Pg,)
at an early period of rapid Fe(IlI) hydrolytic precipitation and
a back reaction with a rate constant, k,, from unstable fine
particulate Fe to dissolved Fe in the slow conversion process
to more stable particulate Fe with time (Yoshida et al. 2006)

phytoplankton and Dg. and Pr. in seawater to repre-
sent the results of culture experiment (10°C) in the pre-
sent study. This system is represented by the following
ordinary differential equations. The equations for Dg,
in seawater and Da in phytoplankton can be written as
follows:

dDFe/dt =-0Da - leFe + kZPFe (6)
dDa/dt = 6Da 7

where Da = D,,q;, in the present study (Fig. 3A, Table 2).
The function of 6 denotes the iron uptake rate by phyto-
plankton, which is only a function of Dg, and not limited
by light and other nutrients. That is,

G = Opax M (8)

where G, is the maximum iron uptake rate by phyto-
plankton and M will show classic saturation kinetics
with increased external concentration of Dg,, as ex-
pressed by the Michaelis-Menten equation as follows:

M = Dre/(Dre + K) 9)

where K is the half-saturation constant for Dg.. In the
present study, we used a K value of 1.1 nmol I"! for the
large chain-forming diatom Chaetoceros dichaeta deter-
mined by Timmermans et al. (2001). We assume that the
amount of Fe released from the phytoplankton cell after

the maximal cell yields is proportional to the total cellu-
lar Fe. The value of 0.1 d"! was roughly estimated as the
excretion rate of cellular Fe from the decreasing rate of
cell number after the maximal cell yields (Fig. 3B). In our
model, we ignored the mortality of phytoplankton and
the excretion of cellular Fe during the exponential
growth phase before the maximal cell yields.

To examine the cellular Fe concentration cell!, we
counted the model's phytoplankton cell number (Cn)
following:

dCn/dt =0, Cn (10)

where 6. is a growth rate of phytoplankton. Simply, we
consider that 6.is the same as 6,,,,. The value of 6,,,,x =0,
can be a typical apparent growth rate (0.5 d™!) measured
during culture experiments in the direct Fe(IIl) input me-
dia (Figs. 2B & 3B, Table 1). In our model, we simply used
the growth rate (~0.5 d™!) observed in the iron uptake
and growth rate experiments (Fig. 3B, Table 1).

Although the highest ¢ by phytoplankton was ob-
served at the initial stage in the long-term iron uptake
experiments in the direct Fe(IIl) input media (Fig. 3A),
the maximum uptake rate at t close to 0 d cannot be
determined. Therefore, we estimated a model's initial
value of Fe uptake with 3.9 nmol I"! at £ = 0.5 d in the
culture experiments in the direct Fe(Ill) input media
(no DFB, DFB (1 d) and DFB (3 d)) from reverse calcu-
lation using a simple exponential growth rate with ¢, =
0.5 d°! and the experimental value of Fe uptake with
Da =5 nmol I't at t = 1 d (Fig. 3A). In the case of 1 d
aged am-Fe(lll) medium (DFB (1 d)), a value of
2.3 nmol I at t = 0.5 d was estimated from the value of
Fe uptake with Da = 3 nmol I'! at t = 1 d (Fig. 3A). In
addition, a cell number of Cn = 12840 cells ml™! at t =
0.5 d was estimated from an exponential growth rate
(0.5 d!y and Cn = 10000 cells ml™* at ¢t = 0 d. The D,
and Pr, values of 7.8 and 92.2 nmol I}, respectively, at
t = 0.5 d were easily calculated from time-developing
model equations (Eqgs. 4 & 5) (Fig. 5). The growth con-
ditions for Da and Cn are as follows: (1) Gpax = 0.0 d°?,
no further iron uptake from external iron by phyto-
plankton after addition of DFB and (2) 6.= 0.0 d"!, no
growth below a critical concentration of intracellular
Fe (total amount of intracellular Fe cell™": Da/Cn) on
phytoplankton growth. We could simulate temporal
changes of Da and Cn using a value of [Da/Cn] = [ Q]
=1x 107 mol Fe cell! defined as a critical concentra-
tion of intracellular Fe cell™! ([Q], Table 2).

Fig. 6 presents the changes in Da, Da/Cn and Cn
with time, resulting from the simulation of our model.
The phytoplankton growth rates and maximal cell
yields in the direct Fe(IIl) input media (no DFB, DFB
(1 d) and DFB (3 d)) and 1 d aged am-Fe(Ill) medium
(DFB (1 d)) obtained from our model (Fig. 6C) are sim-
ilar to those observed in the culture experiments
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Fig. 6. Time-course models of (A) Fe uptake (Da), (B) intracel-

lular Fe concentration cell"! (Da/Cn) and (C) cell number

(Cn) in the direct Fe(IIl) input media (no DFB, DFB (1 d) and

DFB (3 d)) and 1 d aged am-Fe(IIl) medium (DFB (1 d)) during

the cultivation. Maximum uptake rate at ¢t = 0 d cannot be

determined and is indicated by the stippled area on the
left of each panel

(Figs. 2B & 3B). The similarity suggests that the growth
rate of phytoplankton is independent of the amount of
intracellularly stored Fe, above a critical concentration
of intracellular Fe on the growth, and the maximal cell
yields ([Cn]) are controlled by a critical intracellular Fe
([Da/ Cn] = [Q.]). However, maximum cell concentra-
tion (approximately 300 000 cells ml~! at 7 d, Fig. 6C) in
the direct Fe(Ill) input medium (no DFB) obtained from
our model is remarkably different from that in the cul-
ture experiment (126000 + 20000 cells ml ! at 5 d,
Fig. 3B and Table 1) probably because of the rapid
decrease in bioavailability of hydrolytic precipitated
Fe with time in the medium (Kuma & Matsunaga 1995)

and/or the change of chemical environment in the cul-
ture solution during cultivation experiments.

Our results suggest that the high iron uptake and
storage capacity in phytoplankton allows them to accu-
mulate excess iron at a high concentration of bioavail-
abe Fe' (Fe(Il)' and Fe(Ill)’) in estuarine mixing sys-
tems and coastal waters and in mesoscale iron
fertilization experiments. The high supply of Fe' in
marine environments is one of the most important
mechanisms for providing bioavailable Fe' into these
environments. The luxury iron uptake and the pres-
ence of critical intracellular Fe concentration per cell
on phytoplankton growth are important factors in sup-
porting high growth rates during blooms. DFB treat-
ment during incubation in the Fe input media is a
unique technique for measuring the iron uptake and
storage capacity in phytoplankton by preventing fur-
ther iron uptake from external iron in the culture
media.
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