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Abstract

A series of laboratory experiments was conducted to investigate the dissolution behavior of goethite and poorly crystalline
iron hydroxide (PCIH) in the presence of siderophore produced by a marine bacterium, Alteromonas haloplanktis. The amounts
of siderophore in the experimental solutions are expressed by the iron complexing capacity (ICC). The experimental data
indicate that both the dissolution rates and solubilities of ferric hydroxides increase with increasing contents of siderophore and
[H™"]. For example, in a solution of pH=8 and ICC =12 uM, the iron content of solution increased from <0.1 to 1.3 pM by
reaction with PCIH for 80 h. This Fe content is more than 50 times the solubility value of amorphous Fe(OH); in pure water at
pH=8. At pH =4, with increasing ICC value from 0 to 12.9 pM, the dissolution rate of goethite increased from 1.5 to 9.5 (nM/
h/m?) and that of PCIH increased from 0.4 to 3.4 (nM/h/m?). At ICC=12.9 uM, with increasing pH from 4 to 6.8, the
dissolution rate of goethite decreased from 9.5 to 1.9 nM/h/m>, whereas that of PCIH decreased from 3.4 to 0.7 nM/h/m>. Our
study suggests that most of the iron utilized by phytoplankton in the oceans may be liberated from ferric hydroxides in aeolian
particles by siderophores generated by marine bacteria. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Dissolution; Siderophore; Iron hydroxide; Marine bacterium

1. Introduction

Phytoplankton growth in the oceans that influences
key aspects of the global carbon cycle, such as the
primary productivity, the atmospheric CO, content,
and the burial of organic carbon, appears to be limited
by the availability of iron. For example, in several
large areas of the modern open oceans with high
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nitrate but low chlorophyll (HNLC) contents, defi-
ciency of dissolved iron appears to limit phytoplank-
ton growth (e.g. Martin and Fitzwater 1988; Martin
and Gordon, 1988; Martin et al., 1989, 1990, 1991).
In the equatorial Pacific Ocean, Coale et al. (1996b)
showed that seeding of small amounts of dissolved
iron in surface seawaters triggered a massive phyto-
plankton bloom that resulted in consuming large
quantities of carbon dioxide and nitrate.

Iron is an essential element for all microorganisms.
In oxygenated seawater, however, concentrations of
dissolved iron are extremely low. According to the
vertical profiles of dissolved iron at a central part of the
North Pacific (Bruland et al., 1994), the highest con-
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tent of dissolved iron in the surface mixed layer was
only 0.37 nmol/kg, and the average content of dis-
solved iron in the intermediate and deep waters (500—
4000 m) was 0.38 nmol/kg. In the Northeast Pacific,
the dissolved iron contents in surface seawaters were
below 0.1 nmol/kg (Martin and Gordon, 1988).

Recently, it has been suggested that the iron in sur-
face seawater may be mostly supplied by iron-bearing
aeolian particles (Zhuang et al., 1990; Duce and
Tindale, 1991). Upwelling of subsurface waters con-
taining regenerated iron may also be an important
process to supply iron to surface seawater (Coale et
al., 1996a). An important question following these
suggestions is the mechanism for liberating iron from
iron hydroxides in aeolian particles for biological use.
Iron hydroxides are stable in seawater because they
have extremely low solubility at neutral pH and ae-
robic conditions (Stumm and Morgan, 1996). Whether
or not iron colloids may be utilized by phytoplankton
is an important unresolved question in oceanography.
Rich and Morel (1990) suggest that crystalline (-
FeOOH (akaganeite) is not utilized by coastal diatom
Thalassiosira weissflogii. They further suggest that
dissolution of hydrous ferric-oxide colloids may occur
by thermal or photochemical reactions. However, it
has been recently suggested that the dissolved ferric
iron in seawater is primarily chelated with strong
Fe(Ill)-binding organic ligands (Rue and Bruland,
1995; van den Berg, 1995). It has also been suggested
that organic ligands, produced by biological activity,
promote the dissolution of minerals (Banfield and
Nealson, 1997).

Aerobic and facultative anaerobic microorganisms,
which live in oxic aqueous environments, excrete
chelators, known as siderophore, which form very
stable iron complexes. These siderophores are char-
acterized as follows (Neilands, 1981):

(a) the molecular weights are low (500—1000 Da)
(b) they are ferric-specific ligands

(c) the biosynthesis of siderophore is regulated by
iron levels in solution

(d) the formation constants for the following type
of reactions are around 10°° or higher

Fe’* + LF — Fel’ ™, (1)

where L is a ligand.

Recently, several research groups have been con-
ducting laboratory experiments to investigate the role
of siderophore in promoting dissolution of iron-bear-
ing minerals. For example, Hersman et al. (1995,
1996) explored the dissolution of hematite at pH=3
by siderophore produced by a soil bacterium, Pseu-
domonas sp. Dissolution of goethite by commercial
hydroxamate siderophores has been examined by
Kraemer et al. (1999). The Brantley group (Liermann
et al., 2000; Kalinowski et al., 2000a,b; Brantley et al.,
2000) has conducted dissolution experiments of horn-
blende by commercial hydroxamate siderophores and
by two types of bacteria, both of which produce
catecholate siderophores.

In contrast to the siderophores produced by terres-
trial microorganisms, knowledge about the sidero-
phores produced by marine microorganisms is
scarce. Only a few types of siderophores produced
by marine microorganisms have been studied. They
are Anguibactin produced by Vibrio anguillarum (Jalal
et al., 1989), Biscaberin produced by Alteromonas
haloplanktis (Takahashi et al., 1987), Alterobactin A
and Alterobactin B produced by A. luteoviolacea (Reid
and Butler, 1991; Reid et al., 1993), Aerobactin from
Vibrio sp. (Haygood et al., 1993), and Vulnibactin
from V. vulnificus (Okujo et al., 1994). Recently, it has
been reported that Aquachelin and Marinobactin are
produced from Halomonas aquamarina and Marino-
bacter sp., respectively (Martinez et al., 2000).

The main purpose of this study is to examine the
extent to which siderophores produced by marine
microorganisms promote the dissolution of iron
hydroxides, which are mostly transported in the
oceans as aeolian particles, and to increase the avail-
ability of utilizable iron for phytoplankton. To our
knowledge, this is the first laboratory study on the
dissolution kinetics of iron hydroxides using the side-
rophore (Biscaberin) produced by a marine bacterium.
Biscaberin is known to have three hydroxamate func-
tional groups (Takahashi et al., 1987).

2. Experimental methods

Siderophores produced by marine organisms are
not commercially available. Therefore, we produced
the large quantity of siderophore needed in our experi-
ments by culturing A. haloplanktis marine bacterium.
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We also synthesized the iron hydroxides (goethite and
poorly crystalline iron hydroxide) used in the disso-
lution experiment.

2.1. Production of siderophore

A. haloplanktis (IAM 12918), characterized by
Takahashi et al. (1987), was obtained from the Insti-
tute of Molecular and Cellular Biosciences, University
of Tokyo. A. haloplanktis was aerobically cultured for
5 days at room temperature in 500 ml of medium
containing 5.0 g/l bactopeptone, 1.0 g/l yeast extract,
and 0.01 g/l Na,HPO, in an artificial seawater
(ASW). The ASW was prepared following the method
of Samuelsson and Kirchman (1990), by mixing in
distilled deionized water 17.6 g/l NaCl, 1.5 g/l
Na,S0,4, 0.08 g/l NaHCO;, 0.2 g/l KCI, 0.04 g/l
KBr, 2.9 g/l MgCl,-6H,0, 0.4 g/l CaCl,-2H;0,
0.008 g/l SrCl,-6H,0, and 0.008 g/l H3BO;. After 5
days, the solution was filtered through 0.1-pm filter
paper to remove bacteria. The amount of siderophore
in the filtrate was measured by the liquid chrome
azurol S (CAS) assay (Schwyn and Neilands, 1987).
Siderophore in the culture solution reacts with the
ferric iron in CAS/Fe’ " /HDTMA [hexadechyl-trime-
thylammonium, CH3(CH,);sN(CH;)**] to form a
stable complex:

Fe — dye> ™ + L' — FeL®" +dye*". (2)

When a strong ligand, such as siderophore, is added to
a bright blue CAS solution, the ligand forms a com-
plex with ferric iron and the color of the solution
changes to orange because free dye is released. A
decrease in the absorbance at 630 nm is due to the
removal of ferric iron from CAS/Fe* " /HDTMA com-
plex. The amount of ferric iron forming a stable
complex with siderophore, i.e. FeL®> ~" in reaction
(2), is defined here as the iron complexing capacity
(ICC). Because absolute value of siderophore concen-
tration is difficult to determine, the ICC value is used
as a measure of the relative amount of siderophore in
the experimental solutions.

2.2. Synthesis of ferric hydroxides

The ferric hydroxides used in the experiments were
synthetic goethite and poorly crystalline iron hydrox-

ides (PCIH). Goethite was synthesized following the
procedures by Atkinson et al. (1967). Solutions of 0.1
M Fe(NOs);-9H,0 and 0.2 M KOH were mixed at
pH=12 and the precipitates were aged for 24 h at
60°C. PCIH was synthesized by mixing of 0.02 M
Fe(NO3);-9H,0 and 1 M NaOH at pH=7, and the
precipitates aged for 24 h at room temperature.
Goethite and PCIH were confirmed by powder X-
ray diffraction; no sharp peaks were observed from
PCIH. The specific surface area of the goethite and
PCIH, measured by the BET N, method, were 43.8
and 259.0 m?/g, respectively.

2.3. Dissolution of ferric hydroxides by siderophores

The stock solution prepared above (Section 2.1)
contained the culture media and siderophore with the
ICC value of 12.9 uM. HgCl, was added to change
the concentration level of Hg in the stock solution to
10 ppm to inhibit biological activity in the experi-
mental solutions. A 20-ml stock solution was placed,
together with 2 mg of goethite in a 50-ml volume
polypropylene bottle. The bottles containing sidero-
phore and iron hydroxides were kept at 20°C in a dark
room to prevent any photochemical reactions. Ali-
quots of solution were extracted using a syringe at
several time intervals during an experiment, which
typically lasted 80 h. The solutions from the syringe
were filtered through 0.45-pum cellulose acetate filters.
The iron concentrations in the filtrates were measured
by flameless atomic absorption spectroscopy (AAS)
with a detection limit of 5 x 10~ M (30 ppb). The
background Fe concentration in the stock solution was
below the detection limit.

The pH value of the stock solution was 8. In a
preliminary series of experiments at pH =8, we found
that the dissolution rates of goethite and PCIH were
too slow to yield measurable amounts of iron. The
iron content of the solution after several days of
reaction with goethite was less than the detection
limit of AAS (i.e. 30 ppb). Subsequently, we carried
out the dissolution experiments at acidic pH condi-
tions as well as at neutral pH. The initial pH values
were adjusted by HCI to 4.0, 5.3, or 6.8. Dissolution
experiments were also carried out to investigate the
dependence of siderophore concentration on the reac-
tion kinetics. These experiments were conducted at
pH =4 because dissolution rates were greater at lower
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Table 1
Experimental conditions and results on the dissolution of iron
hydroxides (iron hydroxide 0.1 g/l, 20°C)

Material Initial pH ICC (M) Dissolution rate
(nM/h/m?)

Goethite 8.02 12.9 @
Goethite 6.78 12.9 1.9
Goethite 5.27 12.9 3.7
Goethite 4.11 12.9 9.5
Gocethite 3.94 6.4 6.9
Goethite 4.00 4.3 5.8
Goethite 4.09 3.2 43
Goethite 3.95 0 1.5

PCIH 8.02 12.9 0.6

PCIH 6.84 12.9 0.7

PCIH 5.26 12.9 1.3

PCIH 4.11 12.9 34

PCIH 3.94 6.4 2.1

PCIH 4.10 32 1.6

PCIH 3.90 0 0.4

?The Fe content of solution was less than the detection limit of
AAS, i.e. <5x 10~ 7 M. From this, the maximum rate of Goethite
dissolution after 80 h is calculated to be 1.4 nM/h/m>.

pH conditions and it is easier to obtain the dissolution
rates. Solutions with the ICC values of 3.2, 4.3, 6.4, or
12.9 pM were prepared from the stock solution by
dilution with distilled and deionized water. For com-
parison, dissolution experiments were also conducted
in siderophore-free (i.e. ICC=0 uM) culture medium.
A total of 15 series of experiments were conducted.
Their experimental conditions are summarized in
Table 1.

3. Results

Because the pH values of solutions were not
buffered, the solution pH changed during the disso-
lution experiments. In most cases, the solution pH
gradually increased. The pH increases were between
0.3 and 1.2 after 80 h of reaction in the solutions of
pH>5.26, but less than 0.1 when the initial pH was 4.
The pH increases may have been due to the adsorption
of protons on the surface of Fe-hydroxide, or to the
release of hydroxyl ions from the iron hydroxides.

Dilution of the stock solution by distilled water
causes to decrease the ionic strength and to change the
solubility products of iron hydroxides, but their effects
are much smaller than those of siderophore. For

example, the ionic strength (/) of the most diluted
solution (ICC=3.2 pM) is 0.091 compared to 0.365
for the undiluted artificial seawater (ASW). Using the
data on the solubility product of goethite by Hsu and
Marion (1985) and Schindler et al. (1963), we can
calculated the log K, value to be —40.60 and
—40.99 at /=0.091 and 0.365, respectively. Then,
the concentration of [Fe® ] in solution in equilibrium
with goethite at pH=4 can be calculated to be 2.5
x 10~ " and 1.0 x 10 """ M at 1=0.091 and 0.365,
respectively. In contrast, the contents of dissolved Fe
in the siderophore-bearing solutions were greater than
1 uM (=10~ ° M). Therefore, we do not need to
consider the effects of dilution in interpreting our
experimental data.
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[ ICC=12.9 uM ]
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s L ]
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o + =6.4 yM A
w L .
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Fig. 1. Dissolution of iron hydroxides in siderophore-bearing
solutions; (a) goethite, (b) poorly crystalline iron hydroxide (PCIH).
ICC is the iron complexing capacity of siderophore. Each expe-
rimental system was 20 ml in volume and contained 2 mg of fine-
grained iron hydroxide. The initial pH values of all experiments
were 4.
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3.1. Dissolution of goethite and PCIH at various
ICC values

Goethite and PCIH dissolved faster in siderophore-
bearing solutions compared to siderophore-free solu-
tions. In the solutions of pH =4, the dissolution rates
and solubilities of both goethite and PCIH increased
with increasing content of siderophore (Fig. 1). The
iron contents of solutions continuously increased but
the dissolution rates decreased with time (Fig. 1).
Such phenomena were also observed during the dis-
solution experiments of iron (hydr)oxides using other
organic ligands (Borggaard, 1991; Hersman et al.,
1995; Nowack and Sigg, 1997), and may be due to
the selective dissolution of surface iron atoms at the
corners and edges of crystals (Borggaard, 1991).

Steady-state Fe concentrations were not achieved
in 80 h of reaction. For example, after 60 h of reaction
with goethite, the dissolved Fe content increased from
0to ~ 3.3 pM in solution with ICC=12.9 uM, to 1.8
uM in solution with ICC=6.4 pM, to 1.5 pM in
solution with ICC=4.3 uM, and to 1.2 uM in solution
with ICC=3.2 uM (Fig. 1a). These data indicate that
only about 30% of the iron complexing capacity of
siderophore in each solution was used in 60 h of
reaction with goethite. Under the same pH and ICC
conditions, the observed rates of increase in Fe con-
tents of solutions were higher in the PCIH experi-
ments compared to the goethite experiments. For
example, at pH=4, 30% of the ICC values were

10 117

goethite

LA LA S B B B B B B

Dissolution rate (nM/hr/mz)
\
)
o
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1

L~ |
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0 2 4 6 8 10 12 14
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Fig. 2. Dissolution rates of goethite and poorly crystalline iron
hydroxide (PCIH) in siderophore-bearing solutions as a function of
the ICC values. The initial pH values of all experiments were 4.
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Fig. 3. Dissolution of goethite (a) and PCIH (b) in siderophore-
bearing solutions as a function of the initial pH values. The sus-
pension contained 0.1 g/ of iron hydroxide. The ICC values of all
experiments were 12.9 pM.

reached in about 30 h of reaction with PCIH, rather
than in ~ 60 h of reaction with goethite (Fig. 1b).
After 80 h of reaction at pH=4 and ICC=12.9 pM,
the dissolved Fe content increased to 7.5 uM by
reaction with PCIH; in comparison, the Fe increase
was 3.6 uM by reaction with goethite. These data give
an impression that the dissolution rates of PCIH are
faster than those of goethite in siderophore-bearing
solutions. However, the specific surface area of the
PCIH was about six times higher than that of the
goethite (259 vs. 43.8 m?/g). In fact, it turns out that
the specific rates of reaction for PCIH are lower than
those for goethite (see below).

By assuming that the total surface area of iron
hydroxides remained constant during the experiments,
we have calculated the specific rates of dissolution
(nM/h/m?) from the slopes of the lines representing
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the least square fits of the experimental data points.
The calculated dissolution rates of goethite and PCIH
are presented in Table 1 and Fig. 2. The dissolution
rates of goethite and PCIH increased from 1.5 to 9.5
and from 0.4 to 3.4 (nM/h/m?), respectively, as the
ICC value increased from 0 (siderophore-free) to 12.9
puM. The dissolution rates of PCIH were, therefore,
always lower than those of well-crystalline goethite
under the same ICC condition (Fig. 2).

3.2. Dissolution of goethite and PCIH at various pH
values

The results of dissolution experiments of goethite
and PCIH by siderophore with ICC=12.9 pM, but at
different initial pH conditions, are presented in Figs. 3
and 4. The dissolution rates of both goethite and PCIH
decreased with increasing pH, and the dissolution
rates of PCIH were systematically lower than those
of well-crystalline goethite in the pH range below 7.
For example, with increasing pH from 4.1 to 6.8, the
dissolution rate of goethite decreased from 9.5 to 1.9
nM/h/m?, whereas the dissolution rate of PCIH
decreased from 3.4 to 0.7 nM/h/m”. The iron content
of siderophore-bearing solution (ICC=12.9 uM) after
reaction with goethite at pH=8 for 80 h was below
the detection limit of AAS (30 ppb), indicating that
the dissolution rate was less than 1.4 nM/h/m?. This
value may still be higher than the dissolution rate of

10—

&

£ L

gS

S 6 goethite
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Fig. 4. The rates of siderophore-promoted dissolution of goethite
and PCIH as a function of the initial pH values. The dissolution rate
of goethite at pH =8 is a maximum value. The ICC values of all ex-
periments were 12.9 pM.

0.6 nM/h/m? for PCIH at pH=38. If so, the dissolution
rates of PCIH in siderophore-bearing solutions would
become lower than those of goethite even at pH>7.

4. Discussion

In aquatic environments, such as oceans, rivers,
and sediments, organic ligands play an important role
in the dissolution of minerals. Enhanced dissolution of
iron (hydr)oxides by organic ligands, such as oxalate
and EDTA, have been demonstrated by many pre-
vious researchers (e.g. Sulzberger et al., 1989; Borg-
gaard, 1991; Stumm, 1992; Stumm and Sulzberger,
1992). Siderophores produced by soil bacteria have
been shown to significantly increase the dissolution of
hematite and hornblende (Hersman et al., 1996; Lier-
mann et al., 2000; Kalinowski et al., 2000a,b). The
present study shows that siderophores produced by
marine bacteria also significantly increase the disso-
lution rates and solubilities of ferric hydroxides.
Important questions that follow our experimental
results include the following: (1) the dissolution
mechanisms of ferric hydroxides in siderophore-bear-
ing solutions, and (2) the mechanisms for marine
organisms to utilize the siderophore-bound Fe.

Generally, organic ligands dissolve iron (hydr)ox-
ides through one of two different mechanisms (Sulz-
berger et al., 1989; Stumm, 1992; Stumm and
Sulzberger, 1992). One is nonreductive dissolution
where the ferric iron in ferric (hydr)oxides dissolve in
solutions as ferric—chelate complexes. The other is
reductive dissolution where the ferric iron in ferric
(hydr)oxides dissolves in solutions as ferrous ion.
Siderophores are not ferrous- but ferric-specific
ligands and form very stable complexes with ferric
iron in solution (Neilands, 1981). Therefore, the
dissolution of ferric (hydr)oxides in siderophore-bear-
ing solutions probably follows the nonreductive,
ligand-promoted dissolution model and may proceed
through the following two steps (c.f. Stumm and
Morgan, 1996). The first step is the adsorption of
organic ligands (or siderophore) on the surface of
ferric hydroxides and the formation of Fe® " -bearing
surface complexes. The second step is the release of
Fe’ " -bearing surface complexes into solution.

The iron content of siderophore-bearing solution
(ICC=12.9 pM) that reacted with PCIH at pH=28 for
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80 h was 1.3 pM or 73 ppb (Fig. 3b). In contrast, the
concentration of aqueous ferric iron in water in equi-
librium with ferric hydroxides at pH=8 is between
2.6x 10 *and 3.2 x 10 ~ ' M, according to the solu-
bility constant of amorphous Fe(OH); (37.1 <—log
K, <39; Langmuir, 1997). Therefore, the iron content
of the siderophore-bearing solution was more than 50
times higher than the solubility value of amorphous
Fe(OH); in pure water. This clearly indicates that
siderophores produced by marine bacteria enhance
the dissolution of amorphous ferric hydroxides in the
oceans. The iron content of siderophore-bearing sol-
ution (ICC=12.9 pM) that reacted with goethite at
pH =8 for 80 h was below the detection limit, i.e. <30
ppb. However, the analysis of the specific dissolution
rates suggests that the dissolution rates of goethite in
siderophore-bearing solutions are likely to be higher
than those of PCIH, even at pH =8 (see Section 3.2).
Therefore, we may suggest that marine siderophores
also enhance the dissolution of goethite in ocean
water.

The next question is whether the ferric—sidero-
phore complexes are directly incorporated into the cell
structures of common microorganisms or additional
reactions, such as decomposition of ferric—sidero-
phore complexes, are necessary for biological adop-
tion of iron (Fig. 5). For example, Hersman et al.
(1996) demonstrated that the siderophore produced by

a soil bacterium, Pseudomonas sp., promoted disso-
lution of hematite at pH=3, and suggested that the
bacteria incorporated iron from hematite. However, it
is not clear if the bacteria directly incorporated ferric—
siderophore complex into their cells. Gottschalke
(1986) suggests that Gram-negative microorganisms
have specific receptor proteins for siderophores in
their outer membranes. Marine microorganisms may
also incorporate ferric—siderophore complexes using
specific transport proteins. Morel et al. (1991) also
suggests that iron uptake by phytoplankton occurs by
binding Fe to a cellular surface ligand.

Wells et al. (1983) reported that EDTA enhanced
the amount of utilizable iron for phytoplankton, but
the mechanisms were not known. Hudson and Morel
(1990) suggest that Fe—EDTA complexes do not react
directly with transport ligands of phytoplankton; ther-
mal or photochemical dissociation of Fe—EDTA com-
plexes to produce Fe’ * ions is necessary to promote
the iron uptake by phytoplankton. On the other hand,
some researchers (Soria-Dengg and Horstmann,
1995; Butler, 1998) suggest that phytoplankton
acquire iron—siderophore complexes through multi-
ple transport mechanisms. For example, marine dia-
tom Phaeodactylum tricornutum may take up iron
from iron—siderophore complexes through both direct
and indirect pathways (Soria-Dengg and Horstmann,
1995). Hutchins et al. (1999) suggest that the ability to

\*

dissolved inorganic Fe

dissolved organic Fe

siderophore

Fig. 5. The proposed model for dissolution pathways of ferric hydroxides and iron uptake by microorganisms in the oceans. The first pathway
(a) is photochemical reductive dissolution (Rich and Morel, 1990), and the second pathway (b) is through formation of organically chelated Fe
during interaction with siderophores (this study). The organically chelated Fe may dissociate to aqueous inorganic Fe species (c; Hudson and
Morel, 1990). It is not fully understood whether the uptake of Fe by microorganisms proceeds through (d) or (e).
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take up iron—siderophore complexes differs between
prokaryotic and eukaryotic phytoplankton.

Although the exact pathways for incorporation of
siderophore-bound iron into marine organisms are still
not well understood, our study suggests that most of
this iron is liberated from ferric hydroxides in aeolian
particles by the siderophores generated by marine
bacteria. Therefore, the production rate of marine
siderophores may be an important factor influencing
the production of phytoplankton and the biogeochem-
ical cycle of iron in the oceans.
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