MARINE ECOLOGY PROGRESS SERIES

Vol. 127: 269-277, 1995 Mar Ecol Prog Ser

Ferrioxamines B and E as iron sources for the
marine diatom Phaeodactylum tricornutum
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ABSTRACT: The utilization of iron from the trihydroxamate-type siderophores ferrioxamine B (FOB)
and ferrioxamine E (FOE) by the marine diatom Phaeodactylum tricornutum was studied. Cells grown
under iron-limiting conditions took up iron faster from FOE and FOB than from Fe-EDTA and FeCl;.
Minimal iron uptake from the siderophores was observed for cells grown in media with sufficient iron.
The uptake of iron from FOB was inhibited by the ferrous ion chelator, BPDS, evidence that a reductive
pathway is involved in the uptake mechanism. On the other hand, iron uptake from FOE was not
affected by BPDS, indicating that FOE may be taken up as an intact complex by the cell. Uptake
kinetics show that FOE is transported faster into the cell than the iron from FOB. Growth experiments,
however, indicated that FOB is more efficient in supplying utilizable iron to the cell. The uptake mech-
anisms exhibited typical saturation kinetics, corresponding to the saturation of the transport ligand for
FOE and of the reductive system for FOB. FOE transport yielded a lower K, (half-saturation concen-
tration} compared to FOB, indicating a more efficient 'true-siderophore’ transport system. The results
of our experiments suggest the existence of multiple pathway transport mechanisms for iron uptake
from exogenous siderophores in P. tricornutum. The utilization of microbial siderophores by phyto-
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plankton presents new aspects in bacteria-phytoplankton interaction.
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INTRODUCTION

The recent iron enrichment experiments performed
in the equatorial Pacific have provided strong evidence
that iron limitation controls phytoplankton productiv-
ity in this area (Kolber et al. 1994, Martin et al. 1994).
This may also be true for other high nutrient low
chlorophyll (HNLC) areas in the southern oceans and
in the northeast Pacific subarctic (Martin & Fitzwater
1988, Martin & Gordon 1988, de Baar et al. 1990, Mar-
tin et al. 1991). Iron limitation has also been reported in
coral reefs (Entsch et al. 1983) and in coastal waters
(Glover 1978). This limitation is due to the low biologi-
cal availability of iron and/or the very short residence
times of bioavailable iron in surface waters, probably
due to colloidal aggregation and/or sinking of larger
particles containing iron (Martin et al. 1994).

*E-mail: sdengg@ifm.uni-kiel.d400.de

© Inter-Research 1995
Resale of full article not permitted

The chemical speciation of iron in seawater is poorly
understood. Free available ferric ions are strongly
hydrolysed in seawater, so that a substantial amount of
iron in the dissolved pool may be in the colloidal form.
Bioavailability is low for colloidal iron (Anderson &
Morel 1982, Rich & Morel 1990, Wells et al. 1991); it
can be increased by photoreduction or solubilisation
(Rich & Morel 1990, Johnson et al. 1994). Natural
organic iron-specific complexing ligands in seawater
may be in excess of the total dissolved iron concentra-
tions (Gledhill & van den Berg 1994). The organically
complexed fraction of dissolved iron may thus have
been underestimated up to now. The nature of these
organic ligands has so far not been elucidated, but
among these, siderophores may play an important role
in maintaining iron in solution and making it available
for biological uptake (Neilands 1974).

Siderophores are high-affinity iron complexing lig-
ands produced and utilized by many microorganisms:
in the marine environment by eubacteria (Goyne &
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Carpenter 1974, Trick 1989, Reid & Butler 1991, Hay-
good et al. 1993) and cyanobacteria (Murphy et al.
1976, Armstrong & van Baalen 1979). Trick et al. (1983)
found siderophore production among marine eukary-
otic phytoplankton. In our experiments, we used a sen-
sitive crossfeeding test to screen 20 freshwater and
marine microalgae species for siderophore production,
according to a method described in detail in Reissbrodt
& Rabsch (1988). None of the species tested exhibited
positive results for endogenous siderophore produc-
tion. We therefore propose that microalgae do not pro-
duce their own siderophores but may utilize exogen-
ous siderophores produced by other microorganisms.

Siderophore production i1s an adaptation to low
ambient iron concentrations; it is developed by quite a
number of microorganisms (Neilands et al. 1987%).
Some bacterial strains have lost the ability to synthe-
size these substances but have retained the capacity to
utilize siderophores released by other microorganisms
(Luckey et al. 1972). Crowley et al. (1988) and Bar-ness
et al. (1991) reported the utilization of microbial sidero-
phores by higher plants, and Bailey & Taub (1980) sug-
gested that the freshwater green alga Chlorella vul-
garis can utilize iron from the chelator, ferrioxamine B.
This was verified by Allnutt & Bonner (1987 a, b).

In this paper we report on the utilization of iron from
microbial siderophores by marine microalgae. We
focus on 2 hydroxamate-type siderophores, ferrioxam-
ine B (FOB) and ferrioxamine E (FOE), since Trick
(1989) reported widespread production of these types
of siderophores among marine eubacteria.The results
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Fig. 1 Structure of (A) ferrioxamine E and (B) ferrioxamine B

of the inhibition experiments where we employed
bathophenanthroline disulfonic acid, BPDS, a strong
Fe*? chelator, demonstrate that these 2 siderophores,
although similar in structure (Fig. 1), are taken up via
different transport mechanisms. In addition, growth
experiments were performed to show the efficiency
of these siderophores as ‘iron-suppliers’ for phyto-
plankton.

This investigation introduces an alternative strategy
by which phytoplankton acquire iron from the envi-
ronment. It also provides a new perspective of the mul-
tifaceted bacteria-phytoplankton interaction.

MATERIALS AND METHODS

Materials. Desferrioxamine B (Desferal®) and E as
well as ferrioxamine E were gifts from the Ciba-Geigy
Corp., Basel, Switzerland. Chelex 100 was obtained
from Bio-Rad Laboratories and **FeCl, in 0.1 mM HCI
was acquired through Amersham Buchler, Braun-
schweig, Germany.

Bacterial strains used for the siderophore bioassay
(Salmonella typhimurium enb-7, Aureobacterium flav-
escens JG-9 and Morganella morganii SBK3) were
generously provided by Drs R. Reissbrodt and W.
Rabsch of the Robert Koch Institute, Wernigerode
Branch, Germany.

Preparation of labelled complexes. Desferrioxamine
B (DFOB) and desferrioxamine E (DFOE) as well as
EDTA were labelled with **Fe using the method
described by Miiller & Raymond (1984). DFOB and
EDTA were dissolved in sterilized Milli-Q water and
DFOE in 50 % distilled methanol to give a 1 mM stock
solution. For the experiments 0.01 mM [*Fel-
siderophore or [**Fe[-EDTA solutions with an activity
of 5 pCiml~! at pH 7 were prepared. To ensure com-
plete reaction between the chelators and *°Fe, the
labelled complexes were prepared 12 h before the
actual experiments.

Preparation of medium. For all experiments, only
polycarbonate flasks or polystyrene tubes were used to
minimize Fe adsorption to container walls. Reusable
containers were soaked in a 10% HCI bath for at least
48 h and rinsed repeatedly with Milli-Q water. All
flasks used were vapor sterilised; disposable tubes
were obtained in sterile packages. Modified AQUIL
medium (Morel et al. 1979) was used for all experi-
ments and for the maintenance of algal cultures. Low
nutrient Atlantic ocean seawater was filtered (0.2 um)
and deferrated by passing through a Chelex 100 col-
umn. Nutrient solutions were prepared according to
Morel et al. (1979) and deferrated in the same manner
as the seawater. A metal solution as specified for
AQUIL was prepared without the addition of EDTA
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and FeCl;. For the maintenance cultures Fe was pre-
pared separately as an Fe-EDTA solution and was
added to the medium to a final concentration of
450 nM Fe and 5pM EDTA. The deferrated seawater
and the nutrient solutions were autoclaved separately
in polycarbonate Erlenmeyer flasks at 120°C and 1 bar
for 20 min.

To test whether the medium was iron deficient,
growth experiments were performed using Phaeo-
dactylum tricornutum, Dunaliella bioculata and
Anabaena sp. Fig. 2 shows the growth curves of these
3 microalgae in Fe-deficient (no iron added) and Fe-
sufficient (450 nM Fe) media. In the Fe-deficient
medium, P tricornutum and D. bioculata did not
exhibit growth, while in the medium with 450 nM Fe,
chlorophyll concentrations increased in both species.
Anabaena sp. showed growth in both treatments with
lower chlorophyll values in the Fe-deficient medium.

To ensure enough cell harvest for the experiments,
Fe was added at very low concentrations (10 nM) to the
Fe-deficient cultures. To minimize the intracellular
iron pools, 2 transfers were made within 7 d. The last
transfer was performed 1 d before the actual experi-
ments and no iron was added to the culture medium.
The cells were concentrated by centrifugation at
4000 rpm for 15 min and by decanting the excess fluid.

Algal cultures. Stock cultures were obtained from
the culture collection of the University of Goéttingen,
Germany. Phaeodactylum tricornutum, Dunaliella bio-
culata and Anabaena sp. were obtained as axenic cul-
tures either in agar slants or fluid media. The cells
were immediately transferred to the experimental
medium. The sterile condition of the cultures was mon-
itored regularly by acridine orange staining (Hobbie et
al. 1977) or by obtaining inocculum from the cultures
and introducing this onto agar media for marine bacte-
ria. The plates were checked for bacterial growth after
24 and 48 h. The stock cultures were maintained at
20°C with 10:14 h light/dark period.

Growth experiments. The growth of Phaeodactylum
tricornutum, Dunaliella bioculata and Anabaena sp.
was determined by measuring chl a. The growth of
these species in Fe-deficient cultures in the presence
and absence of bacteria was compared. Bacteria used
were isolated from nonaxenic cultures of P. tricornu-
tum, then grown in iron-deficient seawater medium. To
ensure that the bacteria were producing siderophores
prior to introduction to the non-axenic medium, these
were tested using the microbial bioassay with Salmo-
nella typhimurium enb-7 and Aureobacterium flav-
escens JG9 as indicator strains. The increase in chl a
concentrations was measured for P. tricornutum in the
presence of ferrated (FOE and FOB) and non-ferrated
(DFOE and DFOB) siderophores. The final concentra-
tions of Fe and siderophores were 450n M and 5 pM,
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Fig. 2. Growth of axenic cultures of Phaeodactylum tricornu-

tum, Dunaliella bioculata and Anabaena sp. measured as the

increase of chl a concentration per ml culture sample over

28 d. Results are presented as the means of 3 replicates with 1

SD on Day 28. (@) Fe added as Fe-EDTA (Fe 450 nM, EDTA
5 uM), (0) no Fe added

respectively. All growth experiments were maintained
for 28 d at 20°C 10:14 h light/dark period. The axenic
nature of the cultures was regularly monitored.

Test for siderophore production. To test siderophore
production in the microalgae we used in our experi-
ments, the universal siderophore assay (CAS) (Schwyn &
Neilands 1987) and the more specific and sensitive bac-
terial bioassays (Reissbrodt & Rabsch 1988, Rabsch &
Winkelmann 1991) were employed. For the latter we
used the following siderophore auxotrophic bacteria
strains which indicate specific siderophore types: Salmo-
nella typhimurium enb-7, hydroxamate- and phenolate-
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type siderophores; Aureobacterium flavescens JG9,
other hydroxamates; and Morganella morganii SBKS,
siderophores containing a-keto/c-hydroxy-bidentate
ligands (Thieken & Winkelmann 1993). As controls, nat-
ural bacterial populations in seawater samples were
grown in iron-deficient seawater media and then inocu-
lated onto the bioassay plates.

Uptake and inhibition experiments. The uptake ex-
periments were done in sterile 15 ml polystyrene tubes
with screw caps which were filled with 5 ml of the ster-
ile medium. Unless otherwise specified, **Fe-ferriox-
amine or *’Fe-EDTA was added to a final concentration
of 0.4 pM. Unchelated **Fe was added at the same con-
centration as that of the iron chelated to EDTA or the
siderophores. To determine the nature of ferrioxamine
as Fe supplier to phytoplankton, Fe-starved and Fe-
sufficient cells were used. The cells were incubated for
20 h under the same conditions as the maintenance
cultures. After incubation, the cells were filtered onto
nitrate cellulose filters (0.45 pm) which were previ-
ously soaked for 24 h in 1 mM EDTA with pH 5. The
TiCl,-EDTA-wash method described by Hudson &
Morel (1989) for eliminating adsorbed iron was em-
ployed. The filters with cells were placed in filter-count
scintillation fluid and counted with a Hewlett-Packard
scintillation counter. All experiments were repeated
once; each treatment was done in triplicate.

For the transport and inhibition experiments, only
Fe-limited Phaeodactylum tricornutum was used and
incubation was 3 h in the light. The time dependent
uptake was determined by adjusting the incubation
times to 30, 60, 90, 120, 150 and 180 min and concen-
tration-dependent uptake was measured by adding
the Fe-ferrioxamine complex in concentrations rang-
ing from 0.1 to 4.0 uM.

For transport inhibition, bathophenanthroline-disul-
fonic acid (BPDS), a strong Fe*? chelator, was added at
0, 0.2, 0.4, 0.8, 1.2 and 1.6 uM to give BPDS:Fe-
siderophore molar ratios of 0, 0.5, 1, 2, 3 and 4, respec-
tively. The cells were prepared as described above for
the %*Fe-uptake measurement.

RESULTS
5Fe uptake from ferrioxamines

Our results demonstrate that the diatom, Phaeodac-
tylum tricornutum, and the cyanobacterium, Ana-
baena sp., grown in iron-deficient medium were able
to take up iron from one or both of the hydroxamate
siderophores, whereas Dunaliella bioculata showed
minimal iron uptake from both siderophores (Table 1).
The data also show that iron was taken up from FOE
more efficiently by about 50% than from FOB in P. tri-

Table 1 Iron uptake by Phaeodactylum tricornutum, Duna-
liella bioculata and Anabaena sp. grown under iron deficient
conditions. Values are the means of 3 replicates + SD

Source of iron Iron uptake (pg Fe mg~!)

P. tricornutum D. bioculata Anabaena
FeCl; 58 + 12 79 + 13 71+ 19
Fe-EDTA 26+ 6 57 +2 53+ 14
FOE 117+ 2 282 42+ 8
FOB 68 £ 5 3611 88+8

Table 2. Iron uptake by Phaeodactylum tricornutum, Duna-
liella bioculata and Anabaena sp. grown under iron sufficient
conditions. Values are the means of 3 replicates + SD

Source of iron Iron uptake (pg Fe mg™!)

P. tricornutum D. bioculata Anabaena
FeCls 30+ 9 23+9 16 + 2
Fe-EDTA 27 +£3 18+ 5 181
FOE 11+3 6+0.2 8+£08
FOB 9+4 3+1 91

cornutum. Fe uptake from FOE by iron-deficient P. tri-
cornutum was higher than from FeCl; or Fe-EDTA. On
the other hand, utilization of iron from FOB and FeCl;
seemed to be comparable in both P. tricornutum and
Anabaena sp.

Apparently, Fe from ferrioxamines is taken up only
by Fe-limited cells since Fe-uptake from the sidero-
phores is greatly reduced when the cells are not
starved for iron (Table 2). Iron-sufficient cells took up
Fe from FeCl; and Fe-EDTA more readily compared to
the ferrioxamines, although uptake from these sources
was higher in iron-limited cells.

Mechanism of Fe uptake from ferrioxamines

Since Phaeodactylum tricornutum exhibited uptake
from both FOE and FOB, it was used in the succeeding
experiments. Iron uptake from the ferrioxamines pro-
ceeded linearly with time for 3 h of incubation (Fig 3).
The rate of Fe uptake was generally higher for FOE
than for FOB.

Concentration dependent Fe uptake from FOE and
FOB is shown in Fig. 4. Apparently, a saturable system
is involved in the transport of iron into the cell. Calcu-
lation of the K., through a Lineweaver-Burke transfor-
mation gave values of 0.4 and 0.9 uM for FOE and
FOB, respectively, indicating a higher affinity of the
transport mechanism for FOE than for FOB.

BPDS is a strong Fe*? chelator and the Fe-BPDS
complex is soluble and stable. BPDS was added to the
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Fig. 3. Time dependent iron uptake by Phaeodactylum tricor-

nutum from FOE (@) and FOB (0). Fe-siderophore complex

was added to a final concentration of 0.4 pM. Results are
presented as means of 6 replicates
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Fig. 4. Concentration dependent kinetics of iron uptake from
FOE (®) and FOB (O) by Phaeodactylum tricornutum. Results
are presented as means of 6 replicates

culture medium in different molar concentrations to
test whether an obligatory reduction step is involved in
the uptake of Fe from ferrioxamines. BPDS had vary-
ing effects on *°Fe uptake from ferrioxamines by
Phaeodactylum tricornutum. Increasing BPDS concen-
trations led to increasing uptake inhibition from FOB
but not from FOE (Fig. 5). This result suggests that
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Fig. 5. Iron uptake by Phaeodactylum tricornutum from FOE
(®) and FOB (0) with the addition of different concentrations
of BPDS given as the molar ratio of BPDS to the metal-
siderophore complex. Uptake is presented as percentage of
the control (no BPDS added). Results are the means of 6
replicates with 1 SD at BPDS:siderophore ratio of 4

iron from the 2 ferrioxamines is taken up via different
mechanisms. For FOB extracellular reduction is proba-
bly a necessary prerequisite for Fe transport into the
cell, whereas for FOE it seems that the cell is capable
of internalizing the intact metal-siderophore complex.

Growth experiments

The growth of microalgae in iron-limited medium in
the presence and absence of bacteria showed in-
creased chl a concentrations for Phaeodactylum tricor-
nutum and Anabaena sp. in the nonaxenic cultures
(Fig. 6). These are the species which also exhibited
iron utilization from the hydroxamate siderophores.
This may be an indication that the siderophores pro-
duced by the bacteria introduced into the medium
were capable of solubilizing residual iron in the
medium, which subsequently could have been uti-
lized by the microalgae. Indeed, we tested the bacte-
ria in the cultures at the end of the experiments for
siderophore production and these yielded positive
results for the CAS assay and for the crossfeeding
tests with Salmonella typhimurium enb-7 and Aure-
obacterium flavescens JG-9 (both indicating hydroxa-
mate siderophore production). However, the possibil-
ity that the bacteria also produced other growth
promoting substances for the microalgae should not
be excluded. Dunaliella bioculata, which can not uti-



274 Mar Ecol Prog Ser 127: 269-277, 1995

Phaeodactylum tricornutum

04
i + bactena
E 03
o
=
@ 02 e
O 0.1 - bactenia
0 Il Il s ] '
Dunaliella bioculata
06 |-
< - bactena
-~ 1
E 04 .
o + bacteria
=2
©
= 02
O
0 - I
Anabaena sp.
0.5
—~ 04 _
[ + bacteria
IS
o 03
=
© 02| T
= - bactena |
© 01
O 1 L Il 1
0 5 10 15 20 25 30

Time (d)

Fig. 6. Growth of Phaeodactylum tricornutum, Dunaliella

bioculata and Anabaena sp. in axenic (O} and nonaxenic (®)

media measured as the increase in chl a concentration per ml

culture sample over 28 d. No iron was added to the culture

media. Results are presented as the means of 3 replicates with
1 SD on Day 28

lize iron from the ferrioxamines, did not grow in the
Fe-limited medium under either axenic or nonaxenic
conditions.

Phaeodactylum tricornutum also exhibited growth
comparable to cultures where Fe was added as Fe-
EDTA when FOE or FOB was added as iron source for
the cells (Figs. 2 & 7). The chl a maximum was reached
on Day 14 for the FOB treatment. With FOE in the
medium comparable chl a concentrations were reach-
ed on Day 22. Addition of nonferrated siderophores
(DFOE & DFOB) also led to increased chl a concentra-

tions in this species, although to a lower extent when
compared to the addition of FOE and FOB.

Siderophore production in microalgae

Both CAS assay and the microbial bioassay for
siderophores showed negative results for Phaeodacty-
lum tricornutum and Dunaliella bioculata. The cyano-
bacterium, Anabaena sp., showed a positive assay for
the CAS plates and could crossfeed Salmonella
typhimurium enb-7 and Aureobacterium flavescens
JG-9, indicating the production of utilizable hydroxa-
mate-type siderophores. Other species of marine and
freshwater microalgae, including several species of
Dunaliella, Tetraselmis, Cyclotella and Chlorella were
also tested for siderophore production, but none
showed positive for the CAS assay or the bioassay
(data not shown). Slight acidification of the medium
was however observed through a characteristic discol-
oration of the CAS agar around the inocculum.

The negative results obtained from the siderophore
assays served as a control that the uptake data ob-
tained in the preceeding experiments were due to the
introduced microbial hydroxamates and not from
siderophores excreted by the microalgae.

DISCUSSION

In this study we showed that Phaeodactylum tricor-
nutum is capable of utilizing iron from the microbial
trihydroxamate-type siderophores, ferrioxamine B and
ferrioxamine E. The utilization of iron from exogenous
siderophores by marine microalgae as a strategy for
sequestering this essential element from the medium
has not been reported so far. Ferrioxamine B and E
were capable of supplying the diatom with iron only
when the cells were grown in iron-deficient conditions.
This indicates that iron limitation induces the cell to
produce substances or to activate transport systems
which enable it to avail of the iron bound to the sidero-
phores. Our results provide evidence that these sub-
stances are siderophore specific and that there exists
a multiple-pathway mechanism for iron uptake from
foreign siderophores.

The decrease of iron uptake from FOB with BPDS
treatment strongly suggests that an extracellular
reductive mechanism is involved, probably the rate-
determining process in the utilization of iron from FOB
by Phaeodactylum tricornutum. A reductive mecha-
nism was demonstrated for iron uptake from FOB by
Chlorella vulgaris (Allnutt & Bonner 1987b). The
reduction of the ferric ion bound to the siderophore is
apparently membrane associated. Finden et al. (1984)
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Fig. 7. Growth of axenic cultures of Phaeodactylum tricornu-
tum measured as the increase in chl a concentration per ml
culture sample over 28 d. Siderophores were added at a
concentration of 5 uM as ferrated [FOE (®) and FOB (m)] and
nonferrated [DFOE (0) and DFOB (O)) ferrioxamines. The
concentration of Fe in FOE and FOB was 450 nM. The results
are presented as the means of 3 replicates with 1 SD on
Day 28

found no Fe-BPDS complexation with ferrioxamine B
in photochemical experiments, i.e. in cultures without
cells. Furthermore, external ferric reductants like
ascorbate did not reduce FOB (Anderson & Morel
1982). Complete inhibition of iron uptake from FOB by
BPDS was not observed. This can be explained by the
inability of the chelator to compete effectively with the
cell for the ferrous ion. Another possibility is that the
deferrated siderophore can react with Fe(Il) itself
interfering with the complete reaction of Fe(Il) with
BPDS (Hudson et al. 1992).

The involvement of a reductive mechanism for iron
uptake is common among organisms. It has been
reported for higher plants (Chaney et al. 1972), bacte-
ria (Reissbrodt 1994) and yeast cells {(Lesuisse & Labbe
1992). In phytoplankton, the presence of plasmalemma
redox enzymes and their importance for iron uptake
are well documented (Jones et al. 1987). However, the
reductive systems involved in the iron uptake from
FOB and Fe-EDTA in Phaeodactylum tricornutum
seem to be different. FOB supplies iron to cells grown
under Fe-deficient conditions more effectively than
Fe-EDTA (Table 1). Considering the reduction poten-
tials of both complexes (+94 mV for Fe-EDTA and -468
mV for FOB) and if the 2 iron chelators are acted upon
by the same reductases, Fe-EDTA should be prefer-
ably reduced compared to FOB. Besides, for a signifi-

cant reduction to occur, the reduction potential of the
metal complex should exceed that of the redox enzyme
which has a potential between -100 mV and +94 mV
(Jones et al. 1987). Thus there may be another set of
enzymes produced by the cell responsible for the
reduction of FOB.

Ferrioxamine E, although similar in structure to FOB,
is transported by the cell via a different mechanism.
Our results suggest that the entire metal-siderophore
complex was taken up since no significant inhibition
was observed upon addition of BPDS. Unfortunately,
no '“C-labelled siderophores could be obtained so that
we could not follow the fate of FOE. It seems that FOE
is taken up via a 'true-siderophore’ uptake system
where reduction of the bound iron occurs intracellu-
larly. This type of uptake is similar to that observed for
Streptomyces pilosus, which produces both ferrioxam-
ine B and E, and where both siderophores are taken up
via the same uptake system (Miiller & Raymond 1984).
This is based on the recognition of the hydroxamate
iron center and its direct surroundings (Miller et al.
1984). For Phaeodactylum tricornutum, however, a dif-
ferent system may be involved because only FOE and
not FOB can be transported as a metal-siderophore
complex. Further studies are necessary to better
understand ferrioxamine mediated iron transport in
marine eukaryotic microalgae.

The iron uptake mechanisms for FOB and FOE are
saturable. For FOB, saturation would coincide with the
saturation of the enzymes responsible for the reduction
of iron. For FOE this would indicate the saturation of
the transport ligands. For both reductive and ‘true-
siderophore’ uptake, saturation of the systems has been
commonly observed (Miiller & Raymond 1984, Jones et
al. 1987). The K, values (half-saturation concentra-
tions) calculated for the 2 ferrioxamines studied indi-
cate that FOE provides the cell with iron more effi-
ciently than FOB. However, the growth curves of
Phaeodactylum tricornutum in the presence of ferriox-
amines do not support this. The case of iron uptake
from FOE and FOB by P. tricornutum may be analogous
to the case of ferrichrome and ferrichrome A in Ustilago
sphaerogena. This basidiomycetous fungus produces
both siderophores but ferrichrome is taken up via the
‘true-siderophore’ uptake system whereas ferrichrome
A requires a reductive system (Emery 1987). Fer-
richrome A however is more efficient in supplying iron
to the cell since this is supplied as utilizable Fe*?. On
the other hand, ferrichrome must still be reduced intra-
cellularly and if this reduction in the cytoplasm is slow,
then the iron is not readily available to the cell. The
growth curves of P. tricornutum strongly suggest that
this might be what happened within the cells during
our study. FOB supplied iron as Fe*? to the cells, mak-
ing it readily available for assimilation, whereas FOE
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may still have undergone a slow intracellular reduction
so that a delay occurred before iron could be utilized for
cellular processes.

The importance of microbial siderophores as source
of iron for marine phytoplankton must be further
explored. Hudson & Morel (1990) have provided
unequivocal evidence that a high affinity transport is
possible in Fe-limited phytoplankton without the exu-
dation of siderophores. However, the presence of
microbial siderophores in the medium should present
the phytoplankton cells with an alternative source of
this essential element. This would find relevance in
Fe-limited systems in the oceans, where bacteria may
be producing siderophores {(Goyne & Carpenter 1974,
Trick 1989, Reid & Butler 1991, Haygood et al. 1993).
As we observed in our crossfeeding experiments, a
majority of the phytoplankton we tested does not pro-
duce their own siderophores. The microalgae may
nevertheless be equipped with mechanisms to avail
of those produced by other microorganisms. They
share this ability with a number of bacteria which
have lost the ability to produce these substances but
are able to sequester iron from exogenous sidero-
phores (Luckey et al. 1972, Rabsch & Winkelmann
1991).

The affinity of the Phaeodactylum tricornutum FOE-
uptake system is admittedly lower than that of Strep-
tomyces pilosus which produces this substrate (K, =
0.2 uM) (Miller & Raymond 1984}. Thus for sidero-
phores to be ecologically relevant for phytoplankton,
the microalgae should be able to compete with bacte-
ria for iron acquisition from these substances. Some
bacteria, however, show higher uptake rates for for-
eign siderophores than for their own self-produced
siderophores. S. pilosus, for example, takes up exoge-
nous hydroxamates like ferrichrome and ferrichrysin
faster than their native ferrioxamines B and E (Muller
et al. 1984). Thus microorganisms may produce
siderophores which they may not utilize at all if other
siderophores for which they have a higher affinity are
present in the environment, leaving their own sidero-
phores available for utilization by other organisms.
Furthermore, the uptake systems for ferrisiderophores
in bacteria are saturable, so that there may be excess
siderophores in the medium for phytoplankton
uptake. More studies will be necessary to better
understand this new aspect of bacteria-phytoplankton
interaction.
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