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More than 60% of species examined from a total of 421 strains of heterotrophic marine bacteria which were
isolated from marine sponges and seawater were observed to have no detectable siderophore production even
when Fe(III) was present in the culture medium at a concentration of 1.0 pM. The growth of one such
non-siderophore-producing strain, alpha proteobacterium V0210, was stimulated under iron-limited condi-
tions with the addition of an isolated exogenous siderophore, N,N*-bis (2,3-dihydroxybenzoyl)-O-serylserine
from a Vibrio sp. Growth was also stimulated by the addition of three exogenous siderophore extracts from
siderophore-producing bacteria. Radioisotope studies using 59Fe showed that the iron uptake ability of V0210
increased only with the addition of exogenous siderophores. Biosynthesis of a hydroxamate siderophore by
V0210 was shown by paper electrophoresis and chemical assays for the detection of hydroxamates and
catechols. An 85-kDa iron-regulated outer membrane protein was induced only under iron-limited conditions
in the presence of exogenous siderophores. This is the first report of bacterial iron uptake through an induced
siderophore in response to exogenous siderophores. Our results suggest that siderophores are necessary
signaling compounds for growth and for iron uptake by some non-siderophore-producing marine bacteria
under iron-limited conditions.

Iron is an essential element for most microorganisms owing
to its importance in a variety of biochemical reactions, includ-
ing respiration, photosynthetic transport, nitrate reduction,
chlorophyll synthesis, nitrogen fixation, and detoxification of
oxygen radicals. In spite of its high abundance in the earth’s
crust, dissolved iron concentrations are particularly low (,0.4
mM) in the surface waters of the open ocean (25). Under
iron-limited conditions, most prokaryotic cells and certain
fungi and plants secrete siderophores, which are compounds
with small molecular masses which bind ferric ions with high
affinity (23). Siderophores usually fall into two groups, the
hydroxamates and the catecholates, based on their structural
features (23, 38, 39). Organisms which are capable of sid-
erophore production have molecular systems which transport
iron by siderophore-iron complexes into cells through iron-
regulated outer membrane proteins (IROMP) (4). Heterotro-
phic marine bacteria isolated from various habitats have been
shown to produce siderophores by a universal siderophore
production screening assay, the chrome azurol S (CAS) assay
(31). Until now, the majority of work has focused on the CAS
assay-detectable siderophores (5, 14, 19, 20, 27, 28, 32, 35) in
response to Fe-limited stress. Meanwhile, little is known about
the means by which marine bacteria which have no CAS assay-
detectable siderophores obtain iron for growth.

Recent studies have reported that more than 99% of dis-
solved iron in the surface ocean is tightly bound to organic
ligands (30, 40, 41). The nature of iron-bound organic ligands
in seawater is still uncertain and little is known about their
ecological significance. The high Fe-binding affinities of these
unidentified compounds strongly suggest that they are sid-

erophores biosynthesized by marine bacteria. Recently, iron
uptake through bacterial siderophores by phytoplankton has
been reported (18) and indicates the possibility that interac-
tions through siderophores occur among bacteria and phyto-
plankton in the ocean. Thus, it suggests that siderophores may
be one of the important factors that affect the “iron flow” (12,
33, 34) in the ocean among bacteria and/or between bacteria
and other microorganisms. However, only a few oceanic sid-
erophores have been structurally characterized (5, 20, 26, 27)
compared to the abundance of bacterial species. Little is
known on whether any other factors are necessary for bacterial
siderophore production. Investigation of the conditions which
affect bacterial siderophore production is essential to elucidate
the iron acquisition mechanisms of marine bacteria and the
environmental role of siderophores in the ocean.

In our current work, we focused on marine bacteria which
have no CAS assay-detectable siderophores. We speculated
that siderophores are a type of signal which affects iron uptake
and growth of some bacteria in naturally iron-deficient ocean
environments. The bacteria were isolated from different ma-
rine sponges and seawater, and these two habitats were chosen
for the following reasons. (i) Marine sponges are animals
which live symbiotically with bacteria and microalgae, and al-
though many marine bacteria have been isolated from sponges
(11), little is known about their physiological functions, includ-
ing siderophore production and iron uptake activity. (ii) There
is a lack of information regarding the influence of siderophore-
mediated iron uptake by planktonic bacteria living in seawater.
Using one isolated siderophore compound and three partially
purified siderophores, we investigated the growth and iron
uptake activity of more than 200 strains of non-siderophore-
producing (Sid2) bacteria isolated from marine sponges and
seawater. We observed that growth and siderophore produc-
tion of some Sid2 strains were stimulated by exogenous sid-
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erophores. One of the Sid2 strains, alpha proteobacterium
V0210, was specifically investigated in regard to its reactivity
after the addition of four exogenous siderophore components.
Our results indicate that siderophores are probably necessary
signals for siderophore production in some marine bacteria
under iron-limited conditions.

MATERIALS AND METHODS

Strains and culture conditions. Bacteria were isolated from 17 different ma-
rine sponges collected in the Fiji Islands and from seawater collected in Okinawa,
Japan. The sponge tissue was squeezed with a mixer. Sponge solutions and
collected seawater were diluted from 1021 to 1024 in sterilized seawater, and
then 100 ml of each solution was spread onto 3% NaCl supplemented with
1/10-diluted marine broth (Marine Broth 2216; Difco) agar plates [4 mM
Fe(III)]. Morphologically different colonies were selected and inoculated onto
fresh 1/10-diluted marine broth agar plates for further isolation. Marine bacteria
were identified by growth on the plates containing 3% NaCl in comparison with
no growth on the agar plates containing 0.15% NaCl for the same strain. All
culturing was performed at 30°C.

The iron-deficient and low-nutrient seawater-based liquid medium (16)
(IDSM) contained the following components (in grams/liter): NH4NO3, 1.0;
NaCl, 30.0; MgSO4 z 7H2O, 0.5; KCl, 0.3; K2HPO4, 1.5; HEPES, 2.38; and CaCl2,
0.2; it also contained 0.1% glucose and 0.1 mM Fe(III). The medium was ad-
justed to pH 7.2 and was treated by Chelex-100 (Sigma) (10) to remove contam-
inating iron before the addition of FeCl3 solution. Liquid cultivation of bacteria
was performed in 10 ml of IDSM with a shaker connected to an optical density-
measuring device set to 600 nm (Bio-Photorecorder TN-2612; Advantec). The
cultures were grown with shaking at 50 rpm and 30°C for a week, and the optical
density at 600 nm was measured every 15 min. Glassware was acid washed in 6
N HCl for 24 h before use.

Bacterial DNA was extracted using a PureGene kit (Gentra Systems). A 16S
ribosomal DNA (rDNA) V3 gene region fragment (169 to 194 bp in length) was
amplified by PCR using a universal primer complementary to positions 517 to
534 (59-ATTACCGCGGCTGCTGG-39) and a bacterial primer complementary
to positions 341 to 358 (59-CCTACGGGAGGCAGCAG-39) (22). The total 16S
rDNA fragment (;1,500 bp) was amplified by using two oligonucleotide primers,
fD (59-AGAGTTTGATCCTGGCTCAG-39) and rD (59-AAGGAGGTGATCC
AGCC-39) (37). PCR products were sequenced using a PE Biosystems 373 DNA
sequencer, and homologies were searched for on DDBJ databases.

Siderophore detection. The CAS assay (31) was used to detect siderophores.
On CAS agar plates, siderophore-producing (Sid1) bacteria form colonies with
an orange halo. The principle of this assay is based on a color change of CAS
from blue to orange resulting from siderophoral removal of Fe from the dye.
Siderophore halos were evaluated following 5 days of colony incubation at 30°C.
The CAS solution assay (15, 31) was used to quantitate siderophore activity in
culture supernatant extracts by measuring the decrease in the absorbance of blue
color at 630 nm. Standard curves relating CAS reactivity to iron-binding ligands
were determined using the fungal siderophore desferrioxamine (Desferal; CIBA
GEIGY). The quantity of siderophores produced by the bacteria was reported in
terms of iron-binding equivalents, expressed as micromoles of ligand per gram
(dry weight) of bacteria (15). Hydroxamate and catechol functionality of 10-fold-
concentrated siderophore extracts of bacterial isolates V0122, V0304, V0902,
V1110, and V0210 were examined by the Csaky test (13) and the Arnow reaction
(1), respectively. For these assays, hydroxylamine and 2,3-dihydroxybenzoic acid,
respectively, were used as the standards.

Isolation of siderophores. Culture broth of strain V0304 in IDSM liquid
medium (16 liters) was centrifuged at 8,000 3 g for 20 min after cultivation at
30°C for 72 h. The collected supernatant was batch loaded onto DIAION HP-20
resin (Mitsubushi Chemical Co.). After washing with acidic water (pH 2, adjusted
with 6 N HCl), the Fe-binding fraction which was active in the CAS solution
assay was obtained by elution with methanol. The methanol fraction was further
chromatographed on a Sephadex LH-20 (Pharmacia) column (10 by 50 cm) using
a 50% methanol-water solution as the mobile phase. CAS active fractions ob-
tained by LH-20 column chromatography were collected and finally purified by
reverse-phase high-pressure liquid chromatography (column, TSKgel ODS-80Ts,
7.8 by 300 mm) at 230 nm using 0.1% trifluoroacetic acid–40% acetonitrile–H2O
as the mobile phase. The structure of the siderophore was identified by analysis
of spectra obtained from nuclear magnetic resonance (NMR; Varian Unity
INOVA 500 MHz) and mass spectroscopy (MS) (JEOL JMS-SX102 mass spec-
trometer) measurements.

To obtain siderophore extracts, bacterial cells grown in 200 ml of IDSM for 72

h at 30°C were harvested by centrifugation at 8,000 3 g for 30 min. The super-
natant was filtered through a 0.2-mm-pore-size membrane filter to completely
remove the cells and was acidified to pH 3.0 with 6 N HCl. Supernatants were
extracted three times with equal volumes of ethyl acetate for catechols and
benzyl alcohol for hydroxamates (31). The concentrated organic extracts were
dissolved in 1 ml of 0.01 M phosphate buffer (pH 7.0) or 0.01 M acetate buffer
(pH 4.0). Partial purification of the siderophores was achieved by the fraction-
ation of the organic extracts on a Sephadex LH-20 column in the respective
buffers. Each eluted fraction was treated with Chelex-100 to remove the iron.
The CAS assay-reactive fractions were pooled and concentrated 10-fold by ly-
ophilization.

Cross-feeding assay. Sid2 strains were inoculated on IDSM agar plates con-
taining 0.1 mM EDTA-Fe(III) complex. A sterilized paper disk (6-mm diameter)
was treated with 100 ml of membrane-filtered (0.2 mm-pore-size) siderophore
(1.0 nM) and siderophore extracts (1023 mmol of ligand/g) dissolved in buffer
solution. Colony formation around the paper disk on the IDSM agar plates was
checked after 5 to 7 days of incubation. CAS agar plates were used for the
estimation of siderophore productivity of Sid2 bacteria. Siderophore or extract
solution was spread on the CAS agar plate to have 1023 mmol of ligand/g in the
medium before Sid2 strains were inoculated.

Paper electrophoresis. The ionophoric mobility of siderophores was deter-
mined by paper electrophoresis (31) with Advantec EP-200 paper electrophore-
sis equipment using a volatile buffer at pH 5.6 (5.7 ml of glacial acetic acid and
24.3 ml of pyridine per liter). Ten microliters each of concentrated siderophore
extracts (10 mmol of ligand/g) or 0.1 mM siderophore compound from V0304,
adjusted to pH 5.6, was spotted on filter paper (51A; Advantec). Electrophoresis
was run at approximately 30 V/cm for 1 to 2 h. The paper was then dried carefully
to remove all traces of pyridine and acetic acid followed by spraying on both sides
with CAS assay solution, and the appearance of spots was observed a few minutes
later. Each spot was identified by measurement of the Rf value and compared to
desferrioxamine as the standard. The Rf value (cm) represents the distance
between CAS-stainable spots and that of the standard.

Outer membrane purification and SDS-PAGE. All procedures were per-
formed according to the method of Champomier-Verges et al. (6). After culti-
vating bacteria in iron-replete or iron-deficient media for 48 h, cells from 5-ml
cultures were harvested by centrifugation and then resuspended in microcentri-
fuge tubes in 1 ml of 50 mM Tris-HCl–0.5 mM MgCl2 buffer, pH 7.4. The cells
were disrupted by three cycles of 30-s sonication at 4°C using a microsonicator
probe. The supernatant, following centrifugation at 15,000 3 g (repeated twice),
was transferred to a fresh tube and supplemented with Triton X to a final
concentration of 2% (vol/vol). After vigorous mixing, the Triton X solution was
kept on ice for 10 min and then centrifuged at 15,000 3 g for 30 min. The
obtained Triton X-insoluble material was rinsed quickly with 70% ethanol and
dried. The samples were resuspended in 10 ml of sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) loading buffer and analyzed by
electrophoresis on 12% polyacrylamide gels.

Measurement of iron quotas by 59Fe-labeling method. Iron quotas (moles of
Fe per cell) were measured using the radiotracer 59FeCl3 (specific activity, 10 to
15 mCi/mg; NEN Life Science Products, Inc.) following the method reported by
Granger and Price (15). Cells were taken through one transfer in growth medium
containing 1 or 10% of the total Fe as 59FeCl3 to ensure uniform labeling.
Triplicates were then inoculated in fresh radioactive medium. Cells were col-
lected by filtering the culture onto 0.2-mm-pore-size polycarbonate filters and
washing with a titanium(III)-EDTA-citrate reducing solution to dissolve ferric
species adsorbed to the cell surface (17). Particulate 59FeCl3 was measured by
liquid scintillation counting on a Parkard CA 1900 counter. Cell densities were
determined from measurements of absorbance at 600 nm during a 48-h
incubation.

Determination of iron content in sponge tissue and seawater. Collected
squeezed sponge tissue solution (from a total of 10 g of sponge) or seawater (100
ml) was concentrated by lyophilization and resuspended in 2 ml of acid-treated
distilled water. The concentration of iron in the above solutions was measured
with an inductively coupled plasma spectrometry (ICPS) sequential plasma spec-
trometer (ICPS-1000IV; Shimazu) at the absorbance of an iron atom (259.940
nm and 239.562 nm, respectively). Iron standard solution (Fe100; WAKO Chem-
ical Ltd.) [Fe(NO3)3 in 0.1 mol/1 z HNO3; 99 mg/liter] was used for the deter-
mination of a calibration curve.

Nucleotide sequence accession numbers. The DDBJ GenBank accession num-
bers for the sequences of V0122, V0304, V0902, V1110, V0210, GMO7-1,
GMO4-11, and GMO4-13 are U63999, AF064559, D88527, AB012864,
AB012864, AB010390, U63938, and AF025569, respectively.
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RESULTS

Siderophore production of marine bacteria. Sponge-origi-
nated bacteria (230 strains) and seawater-originated plank-
tonic bacteria (191 strains) were obtained by the isolation of
different phenotypes on 1/10-diluted marine agar plates and
tentatively identified by 16S rDNA V3 region sequence anal-
ysis (22). They were identified as marine species by their halo-
philic growth (NaCl, .3.0%). All of these strains were ob-
served to have no growth on marine agar plates when iron was
removed. Their siderophore production activity was investi-
gated with CAS agar plates. Two hundred twenty-three strains
(77 strains from sponges and 146 strains from seawater) from
the total tested species were shown to be Sid2 strains. Strains
which neither grew nor formed a halo on the CAS agar plates
containing 1 pM to 10 mM Fe(III) were defined as Sid2 bac-
teria. One Sid2 strain, V0210, and four Sid1 strains, V0122,
V0304, V0902, and V1110, were isolated from different marine
sponges. The ICPS measurements of these five sponge tissues
showed that the iron content was 0.095, 0.102, 0.083, 0.09, and
0.104 mM, respectively. Seawater planktonic strains GMO7-1,
GMO4-11, and GMO4-13 were also chosen for investigation.
ICPS analysis indicated that the iron content in the seawater
was 0.078 mM. GMO4-11 and GMO4-13 were Sid2 species,
and GMO7-1 was categorized as a Sid1 strain. The total 16S
rDNA sequence of V0210 is 100% identical to that of alpha
proteobacterium MBIC 3368 (AB012864 [DDBJ]). The total
16S rDNA sequences of V0122, V0304, V0902, and V1110 are
98, 98, 97, and 96% identical to those of an Agrobacterium sp.
(U63999 [DDBJ]), a Vibrio sp. (AF064559 [DDBJ]), an alpha
proteobacterium (AB012864 [DDBJ]), and a Marinobacter sp.
(AB010390 [DDBJ]), respectively.

Siderophore components from Vibrio sp. strain V0304 were
purified from IDSM [0.1 mM Fe(III)] liquid medium culture,
and production was 0.862 mM (6 mg of Fe-binding ligand was
obtained from 16 liters of culture supernatant) in this medium.
Because the iron content in marine sponge tissues and seawa-
ter was close to 0.1 mM Fe, we decided to use the concentra-
tion of 0.1 mM Fe(III) as iron-limited conditions for all further
cultivations. The chemical structure of the purified compound
was determined by analysis of spectroscopic data. The 1H-
NMR (Fig. 1B) and 13C-NMR (data not shown) spectra of this
compound were identical to those of N,N9-bis (2,3-dihydroxy-
benzoyl)-O-serylserine (BDOS) (2). The fast atom bombard-
ment (FAB)-MS showed a molecular ion at m/z 463 ([M 2
H]2) and a fragment ion originated from 2,3-dihydroxybenzoyl
serine at m/z 240 (Fig. 1A) (3). The molecular formula of this
compound was determined to be C20H20N2O11 by HR-FAB-
MS [calculated for C20H21N2O11, m/z 465.1145; found, m/z
465.1145 (M 1 H)1] and 13C-NMR data. These results indi-
cated that the structure of the siderophore biosynthesized by
V0304 is BDOS (Fig. 1C). This compound has been reported
to be a siderophore from Escherichia coli O111 (29) and has
also been identified as an intermediate product of enterobactin
biosynthesis (26). The siderophore components from V0122,
V0902, and V1110 were partially purified, and each yield was
evaluated to be approximately 0.13, 0.31, and 0.18 mmol of
ligand/g, respectively, after cultivation in 200 ml of IDSM (Ta-
ble 1). The yield of siderophore components biosynthesized by

Sid1 planktonic Pseudomonas sp. strain GMO7-1 (AB010390
[DDBJ]) was 2.77 mmol of ligand/g.

Cross-feeding assay with Sid2 marine bacteria. The bacte-
rial growth of 223 Sid2 strains was investigated with the addi-
tion of 10 nM BDOS isolated from V0304 and with the addi-
tion of three siderophore extracts (1023 mmol of ligand/g),
from V0122, V0902, and V1110. One hundred thirty-four
strains (49 from sponges and 85 from seawater) of the total
tested Sid2 strains showed signs of growth around paper disks
to which BDOS or siderophore extract had been pre-added on
iron-limited IDSM agar plates and also were observed to form
colonies and halos on the CAS agar plates that were amended
with siderophore extract. Sid2 strain V0210 was observed to
have stimulated colony and halo formation on the CAS agar
plates with the addition of siderophore BDOS from V0304 or
any of the three siderophore extracts from Sid1 strains V0122,
V0902, and V1110. The siderophore component from Sid1

strains added to the CAS agar plate was 130 to 660 times less
than that which induced a color change in the CAS assay. Thus,
amended siderophore components did not induce a halo-like
color change on the CAS agar plates. Obviously, the observed
halo around V0210 colonies showed siderophore production
from this bacterium.

To confirm the influence of the exogenous siderophores on
the growth of V0210 in liquid medium, V0210 was cultivated in
IDSM containing 0.1 mM Fe(III) with or without the addition
of the siderophore extracts from four Sid1 strains. The growth
of V0210 began after 6 h of incubation with the addition of one
of the siderophore extracts from V0122, V0304, V902, or
V1110 (Fig. 2A) or siderophore compound BDOS (Fig. 2B).
No growth was observed without the addition of exogenous
siderophores. The same experiment was also performed in the
presence of 1 pM to 1021 mM fungal siderophore desferriox-
amate and no stimulated bacterial growth of V0210 was ob-
served (data not shown).

Analysis of siderophore components by paper electrophore-
sis and chemical reactions for functionality. To investigate
whether the growth stimulation of V0210 was caused by direct
utilization of the exogenous siderophore or by biosynthesis of
its native siderophore, the iron chelator in the siderophore
extract was evaluated by paper electrophoresis, the Csaky test,
and the Arnow reaction.

Concentrated siderophore extracts (10 mmol of ligand/g)
from V0122, V0902, and V1110 and 0.1 mM V0304 sidero-
phore BDOS were analyzed by paper electrophoresis. Super-
natant extracts of V0210 culture in IDSM combined with
each of the above three siderophore extracts at 1023 mmol of
ligand/g or 10 nM BDOS were also analyzed by paper electro-
phoresis. Siderophore extracts from V0122, V0902, and V1110
and V0304 BDOS showed different Rf values (Table 2), which
indicated that the iron-chelating compounds produced by
these four Sid1 bacteria were different. CAS-stained spots
were also observed from extracts of V0210 culture with the
addition of each of the four siderophore extracts. The Rf values
of all V0210 extracts were approximately 6.00 cm except in the
case of no siderophore addition (Table 2). In that case the Rf

value was completely different from those of the other Sid1

strains and indicated that the iron chelator in the V0210 ex-
tract was different from those produced by strains V0122,
V0304, V0902, and V1110. In the case of the V0210 extract,
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only one spot was observed and cannot be due to the low
amount of exogenous siderophore components which were
added and which were below the detection limit for the paper
electrophoresis assay. Therefore, we conclude that V0210 pro-
duced a siderophore.

To estimate the nature of the functional groups of iron
chelators in siderophore extracts from the above strains, the
Csaky test and the Arnow reaction were applied (Table 2).
These two assays are well known for the detection of hydrox-

amate (Csaky test) or catechol (Arnow reaction) groups, which
are typical functional groups that bind iron. The CAS-stainable
compounds of V0122, V0902, and V1110 did not show positive
reactions in either assay. In comparison, the positive reactivity
of BDOS in the Arnow test, indicating catechol functionality,
was different from the siderophore extract of V0210, which
gave a positive result only in the Csaky assay, indicating hy-
droxamate functionality. The added siderophore component in
the V0210 cultivation medium was 1023 mmol of ligand/g, and

FIG. 1. Chemical features of an isolated siderophore from Vibrio sp. strain V0304. (A) FAB-MS (negative) spectrum of purified siderophore.
The peak at m/z 463 is the molecular ion peak. The peak at m/z 240 is the fragment ion peak which originated from 2,3-dihydroxybenzoylserine.
Peaks at m/z 91 and m/z 183 originated from the glycerol matrix (3). (B) 1H-NMR spectrum of the purified siderophore in dimethyl sulfoxide-d6
(DMSO) solution. (C) Chemical structure of BDOS.
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this amount is below the detection limit of both assays. This
revealed that a hydroxamate moiety came from the sid-
erophore component produced by V0210.

Analysis of IROMP of V0210. Fe(III)-siderophore com-
plexes are known to bind to specific IROMP in gram-negative
bacteria. The IROMP of V0210 with or without siderophore
extracts was purified and analyzed under iron-replete and iron-
limited conditions by SDS-PAGE (Fig. 3). An 85-kDa band
was detected in the culture medium of V0210 iron-starved cells
when siderophore extracts were added to IDSM (Fig. 3A, lanes
3 to 7), while it was not detected under conditions where
siderophore extracts were not added (Fig. 3A, lane 2). No such
band was induced in V0210 cells under iron-replete conditions
even though the siderophore extracts were present (Fig. 3B).

Iron uptake activity of Sid1 and Sid2 strains. The iron
quotas (moles of Fe per cell) of V0122, V0304, and V0210 with
or without siderophores were measured by radiotracer 59Fe.
Iron quotas of Sid1 strains V0122 and V0304 increased during
a 24-h cultivation period (Fig. 4B). The iron quotas for V0122
and V0304 cells were 2.4 and 2.9 times higher, respectively, in
the medium supplemented with their own siderophore com-
ponent than in standard IDSM. In the meantime, the growth of
these two strains was observed to be faster under the sid-
erophore-enriched conditions (data not shown). On the other
hand, measurement of the iron quota for V0210 was not pos-
sible due to lack of growth. The iron quotas for V0210 were

obviously stimulated by the addition of the siderophore BDOS
or the siderophore extract (Fig. 4A). The curve shows the same
increased iron quotas for V0210 when either V0122 or V0304
siderophore was present. Growth and iron uptake of V0210
were very low during the first 2 h after the start of incubation
and obviously increased after 6 h of incubation with the BDOS
or V0122 siderophore extract. When the Csaky test-positive
extract of V0210 was added to the medium, the iron uptake of
V0210 started immediately and the quotas were shown to be
21.7 and 14.4 times higher than those supplemented with the
exogenous siderophore extracts from V0122 and V0304 during
a 2-h incubation (Fig. 4A).

DISCUSSION

Some heterotrophic marine bacteria have been reported to
biosynthesize siderophores for their iron uptake under iron-
deficient conditions (27), and siderophore production is
thought to occur commonly in marine bacteria due to the low
iron concentration in the ocean. In our present study, we in-
vestigated siderophore production by bacteria isolated from
marine sponges and seawater. This is the first time we have
compared the iron contents of five sponge tissues and reported
the siderophore production of sponge-originated bacteria. Af-
ter screening with the CAS assay, a universal siderophore pro-
duction detection assay, we found that 60% of the total tested

TABLE 1. Concentration of iron ligands detected with CAS assay in siderophore extracts of marine bacteria in IDSM [0.1 mM Fe(III)]

Strain Origin Mean siderophore content 6 SDa

by CAS assay Reference

Agrobacterium sp. strain V0122 Sponge 0.12 6 0.21 Present work
Vibrio sp. strain 0304 Sponge 0.864b Present work
Alpha proteobacterium V0902 Sponge 0.31 6 0.15 14
Marinobacter sp. strain V1110 Sponge 0.18 6 0.24 Present work
Pseudomonas sp. strain GMO7-1 Seawater 2.77 6 0.65 Present work

a Values are given as micromoles of ligand per gram (dry weight) of cells (n 5 3).
b Value is given as a micromolar concentration.

FIG. 2. (A) Growth of alpha proteobacterium strain V0210 at 30°C in IDSM [0.1 mM Fe(III)] for 96 h with siderophore extracts (1023 mmol
of ligand/g) from Sid1 strains Agrobacterium sp. strain V0122 (h), Vibrio sp. strain V0304 ({), alpha proteobacterium V0902 (E), and Marinobacter
sp. strain V1110 (‚) or without any addition (µ). (B) Growth of alpha proteobacterium strain V0210 at 30°C in IDSM for 96 h with 10 nM
siderophore BDOS (m) or without the addition of BDOS (µ). Each point represents the mean coaggregration value from three separate
experiments. OD, optical density.
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bacteria were Sid2 strains under iron-limited conditions. The
growth of 134 out of 233 Sid2 strains was observed to be
stimulated by both cross-streaking of Sid1 strains and the ad-
dition of a purified exogenous siderophore, BDOS (Fig. 1C),
or by three siderophore extracts from Sid1 strains under iron-
deficient conditions. All results indicated that the siderophore
extracts from V0122, V0902, and V1110 affected Sid2 strain
V0210 in the same way as purified siderophore BDOS did. This
suggests that active factors in these extracts are siderophores
which have stimulatory functions on the growth of V0210.
Although growth stimulation of some terrestrial bacteria has
been reported by the addition of exogenous siderophores (6, 8,
21), it is not clear whether those bacteria might have been

stimulated to synthesize their own siderophores. Paper elec-
trophoresis of siderophore extracts from V0210 cultures
showed that the CAS-positive component was produced only
after cultivation with each of the exogenous siderophores from
the four Sid1 strains, V0122, V0304, V0902, and V1110. The
Rf value of the iron-binding component of V0210 was different
from those of V0122, V0304, V0902, and V1110 as determined
by paper electrophoresis. Only the siderophore extract from
V0210 cultivated with the addition of exogenous siderophores
gave a positive result in the Csaky assay (Table 2), while BDOS
catechol resulted in positive reactivity in the Arnow assay.
Thus, hydroxamate siderophore synthesis was initiated by
V0210 only in the presence of an exogenous siderophore. This
is the first time that the biosynthesis of a siderophore in re-
sponse to an exogenous siderophore under iron-deficient con-
ditions has been reported.

Studies on iron metabolism in terrestrial and pathogenic
strains have shown that bacteria have established a variety of
mechanisms by which to acquire chelated iron. In siderophore-
producing bacteria, ferric iron is generally transported as an
Fe(III)-siderophore complex that enters the periplasmic space
of gram-negative bacteria through specific outer membrane
receptors. These proteins are similar in size, ranging from 67 to
88 kDa, and are produced under iron-limited conditions (36).
Outer membrane receptors recognize siderophore-iron com-
plexes produced by other species as well as their own (7, 8, 9,
36). Expression of an 85-kDa outer membrane protein was
observed in V0210 cells after cultivation with an exogenous
siderophore under iron-limited conditions (Fig. 3). This outer
membrane protein was not expressed without the addition of
exogenous siderophore. Thus, expression of the 85-kDa outer
membrane protein of V0210 might depend on a response to an
exogenous siderophore, and the protein may play a significant
role in the uptake of iron via its iron-siderophore complex.

Sid1 marine bacteria have been reported to acquire iron

TABLE 2. Detection of siderophore extracts after cultivation in 200
ml of IDSM containing 0.1 mM Fe(III) with or without the addition

of exogenous siderophores

Strain
Rf valuea (cm)

by paper
electrophoresis

Mean siderophore content 6
SDb by:

Csaky test Arnow reaction

V0122 6.22 6 0.06
V0902 5.85 6 0.07
V1110 6.80 6 0.10
BDOS from V0304 5.65 0.86d

V0210 None
V0210 (1 V0122 Sic) 6.02 6 0.03 0.27 6 0.02
V0210 (1 V0304 Si) 6.05 6 0.02 0.30 6 0.015
V0210 (1 V0902 Si) 6.00 6 0.05 0.29 6 0.02
V0210 (1 V1110 Si) 6.00 6 0.03 0.24 6 0.035
V0210 (1 BDOS) 6.05 6 0.03 0.31 6 0.01

a Distance (Rf) shown here represents CAS-stained siderophore spots in com-
parison with 10 ml of 0.1 mM desferrioxamate sulfate and represents the mean 6
the standard deviation of three experiments.

b Values are given as micromoles of ligand per gram (dry weight) of cells for
extracts and represent the means of three experiments.

c Si, siderophore extract.
d Value is given as a micromolar concentration.

FIG. 3. IROMP patterns of alpha proteobacterium strain V0210 in iron-deficient IDSM [0.1 mM Fe(III)] (A) or in iron-replete IDSM [40 mM
Fe(III)] (B) without (lanes 2) or with (lanes 3 to 7) siderophore extracts (1023 mmol of ligand/g) from Sid1 strains V0122, V0304, V0902, V1110,
and GM04-7 on an SDS–12% PAGE gel. Standard markers are shown in lanes 1 (high molecular mass) and 8 (low molecular mass). The arrowhead
shows the 85-kDa outer membrane protein.
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through siderophores as a main pathway, and some Sid2 spe-
cies takeup iron by the fungal siderophore desferrioxamine
(15). Our results showed that Sid1 species V0122 and V0304
take up iron through their siderophores, which are results
similar to those reported by Granger and Price (15). Desfer-
rioxamine did not show any positive influence on either growth
or iron uptake of strain V0210 (data not shown). Higher iron
quotas and faster growth of V0210 under conditions of being
supplemented with its Csaky test-positive extract than those
with the addition of BDOS or V0122 siderophore extract (Fig.
4A) indicated that Sid2 strain V0210 took up iron through
induced original siderophores instead of utilizing exogenous
species directly. This phenomenon differs from the concept
that microorganisms utilize exogenous siderophores directly to
acquire iron and suggests that multiple pathways may exist by
which marine bacteria acquire iron.

Besides quotas “catching” iron for necessary growth, sid-
erophores are thought to be a type of iron scavengers because
they can move iron from weaker-associated ferric-siderophore
complexes from other species. Our results indicate that sid-
erophores are also important factors to stimulate growth and
iron uptake of other species, besides their inhibition functions.
This kind of function can also be observed in the other plank-
tonic Sid2 strains, GMO4-11 (Flavobacterium sp.) and
GMO4-13 (Roseobacter sp.). The growth of these two Sid2

strains could be stimulated by siderophore BDOS from V0304
(Vibrio sp.) and siderophore extract from GMO7-1 (Pseudo-
monas sp.). This indicates that siderophore stimulation activity
exists not only between the bacteria from marine sponges but
also between marine bacteria from different habitats. We have
also shown production of a native siderophore by Sid2 Pela-
giobacter sp. strain V0110 (16). Its siderophore production was
only observed with the addition of both an exogenous sid-
erophore and an N-acyl-homoserine lactone which is a type of
quorum-sensing chemical signal. The responses of V0110 and
V0210 to exogenous siderophores indicate that siderophores

may play a role that affects other species’ siderophore biosyn-
thesis and iron acquisition mechanisms in the marine environ-
ment.
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