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Genes encoding polypeptides of an ATP binding cassette (ABC)-type ferric iron transporter that plays a
major role in iron acquisition in Synechocystis sp. strain PCC 6803 were identified. These genes are slr1295,
slr0513, slr0327, and recently reported sll1878 (Katoh et al., J. Bacteriol. 182:6523–6524, 2000) and were
designated futA1, futA2, futB, and futC, respectively, for their involvement in ferric iron uptake. Inactivation of
these genes individually or futA1 and futA2 together greatly reduced the activity of ferric iron uptake in cells
grown in complete medium or iron-deprived medium. All the fut genes are expressed in cells grown in complete
medium, and expression was enhanced by iron starvation. The futA1 and futA2 genes appear to encode
periplasmic proteins that play a redundant role in iron binding. The deduced products of futB and futC genes
contain nucleotide-binding motifs and belong to the ABC transporter family of inner-membrane-bound and
membrane-associated proteins, respectively. These results and sequence similarities among the four genes
suggest that the Fut system is related to the Sfu/Fbp family of iron transporters. Inactivation of slr1392, a
homologue of feoB in Escherichia coli, greatly reduced the activity of ferrous iron transport. This system is
induced by intracellular low iron concentrations that are achieved in cells exposed to iron-free medium or in
the fut-less mutants grown in complete medium.

Iron serves as an essential component of heme and iron
sulfur centers integrated into a variety of proteins that function
in basic physiological processes such as photosynthesis, respi-
ration, and nitrogen metabolism (23). In the Earth’s crust, iron
is the fourth-most-abundant element. However, the biological
availability of iron is severely reduced since in an aqueous
oxygenic environment ferrous iron is quickly oxidized to ferric
iron, which forms insoluble hydroxides at physiological pH (5,
6). Organisms have developed mainly two sophisticated sys-
tems for iron acquisition. One involves utilization of iron-
chelating compounds including various siderophores and
transport of chelated iron. The other system involves reduction
of ferric iron to ferrous iron by a plasma membrane redox
system, followed by uptake using specific transporters (11, 18).

Molecular analysis of iron transport systems has been car-
ried out mostly on nonphotosynthetic bacteria (6). Escherichia
coli has specific receptor proteins in the outer membrane that
bind ferrichrome (FhuA), ferric aerobactin (IutA), ferric cop-
rogen or ferric rhodotorulate (FhuE), and ferric dicitrate
(FecA). FhuA, FhuE, and IutA are components of sid-
erophore-mediated iron transport systems that involve typical
ATP binding cassette (ABC)-type transporters consisting of a
periplasmic iron-binding protein (FhuD) and cytoplasmic
membrane proteins (FhuB and FhuC) (7). Ferric dicitrate is
taken up via an ABC transporter system that consists of FecA
to -E (22). E. coli also has a ferrous iron transport system
consisting of polypeptides encoded by the feoA, -B, and -C
genes. The product of the feoB gene has a typical ATP-binding
motif at the N-terminal end. Mutants defective in feoA or feoB

showed strongly reduced ferrous iron uptake activity (12).
Transport systems for iron delivered as transferrin and lacto-
ferrin, such as Sfu and Fbp systems in Serratia marcescens (3)
and Neisseria gonorrhoeae (4), have been found in other bac-
teria. In these systems, ferric ion is transported across the inner
membrane. The Sfu proteins constitute a typical ABC trans-
porter in which SfuA is localized in the periplasm, SfuB is a
cytoplasmic membrane protein, and SfuC is a membrane-
bound protein carrying a nucleotide-binding motif.

In spite of these studies on nonphotosynthetic bacteria, little
is known about the molecular mechanism of iron transport in
photoautotrophic bacteria. We have recently demonstrated
that one gene, registered as sll1878 in CyanoBase (http://www
.kazusa.or.jp/cyano/), plays an important role in iron uptake in
the cyanobacterium Synechocystis sp. strain PCC 6803 (14).
The whole-genome sequence revealed that Synechocystis has
15 open reading frames (ORFs) whose putative products show
high similarity with components of iron transporters identified
in other bacteria (13). In order to understand the molecular
mechanism of iron acquisition in Synechocystis, we have con-
structed mutants by disrupting these ORFs. Analysis of the
mutants for growth and iron uptake both in nutrient-sufficient
and iron-deprived conditions enabled us to identify the genes
essential to ferric and ferrous iron transport.

MATERIALS AND METHODS

Growth conditions. Wild-type and mutant cells of Synechocystis sp. strain PCC
6803 were grown at 30°C in BG-11 medium (21) buffered with 20 mM N-tris(hy-
droxymethyl)methyl-2-aminoethanesulfonic acid (TES)–KOH at pH 8.0. Cul-
tures were aerated with 3% (vol/vol) CO2 in air. Iron-free BG-11 medium was
prepared as described previously (14). In order to simplify the assay system,
sodium citrate, the ferric iron chelator, was omitted in iron-free BG-11 medium.
To starve Synechocystis cells for iron, wild-type and mutant strains were grown in
BG-11 medium, collected by centrifugation (1,600 3 g, 8 min), and washed by
resuspension in 20 mM TES-KOH buffer treated with Chelex 100 resin (Bio-
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Rad, Hercules, Calif.) at pH 8.0. After a second wash, cells were resuspended in
fresh iron-free BG-11 medium. In order to deplete trace iron in the medium and
in the cells (iron deprivation treatment), culture was continued for 18 h under
continuous illumination of photosynthetically active radiation at 60 mmol of
photons m22 s21 (400 to 700 nm).

Analysis of gene expression. The amount of transcripts was evaluated by the
reverse transcription-PCR (RT-PCR) method (8). RNAs were extracted from
Synechocystis sp. strain PCC 6803 cells cultured in normal or iron-free BG-11
medium by the method of Aiba et al. (2), treated with RNase-free DNase I
(Boehringer Mannheim), and then purified by phenol-chloroform extraction and
ethanol precipitation. The RT reaction was performed using Superscript II
(Gibco BRL) and reverse primers. The products were amplified by PCR and
then analyzed by electrophoresis on a 0.8% agarose gel. Primers were designed
so that the amplified products would be internal to the coding region of the gene.
All the forward primers were designed for the sequences downstream of the
translation initiation codon, and the reverse primers were designed to obtain
PCR products of about 350 bp. The regions amplified by RT-PCR are summa-
rized in Table 1 as base numbers counted from the initiation codons. The RNase
P gene was used as a control template (1).

Construction of mutants. Two DNA fragments from different regions in a
given Synechocystis sp. strain PCC 6803 gene, each containing 500- to 700-bp
nucleotides, were amplified by PCR. The primers used for the amplification
contained different restriction endonuclease sites and an additional three nucle-
otides at their proximal ends for recognition of specific endonucleases. These
sites were chosen based on sites present at both ends of the drug resistance
marker gene used for constructing the gene disruption. Following digestion of
the PCR products with appropriate endonucleases, the products were ligated to
a cartridge carrying the drug resistance marker gene and to the pGEM-T vector
(Promega, Madison, Wis.). The vector harboring the drug resistance cassette
flanked by the PCR products on each side was amplified in E. coli and then
transformed (26) into wild-type Synechocystis sp. strain PCC 6803 cells. The
mutants constructed in this study have been deposited in website CyanoMutants
(http://www.kazusa.or.jp/cyano/mutants/). The drug resistance cassette used for
each inactivation and the sites of insertion into the target gene are shown in
Table 1. The disrupted target gene in the transformants was segregated to
homogeneity by successive streak purifications as determined by PCR amplifi-
cation.

Determination of growth characteristics. Iron-deprived wild-type and mutant
cells were collected by centrifugation and resuspended in fresh iron-free BG-11
medium to optical densities at 730 nm (OD730) of 0.1, 0.01, and 0.001. The OD730

of the cell culture was determined using a recording spectrophotometer (model
UV2200; Shimadzu Co., Kyoto, Japan). Two microliters of each of the cell
suspensions was spotted onto normal or iron-free BG-11 agar plates. The plates

were incubated in 3% (vol/vol) CO2 in air for 7 days with continuous illumination
by fluorescent lamps providing photosynthetically active radiation at 60 mmol of
photons m22 s21.

Measurements of ferric and ferrous iron uptake. The amounts of iron taken
up by wild-type and mutant cells were measured using radioactive tracer 59FeCl3
(Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) as previ-
ously described (14). Ferric iron uptake was measured in the presence of 1 mM
Ferrozine, which inhibits ferrous iron uptake (9). Uptake of ferrous iron was
measured in the presence of 5 mM ascorbate, which reduces Fe31 to Fe21 (12).
The uptake reaction was terminated by transferring the reaction mixture on ice,
followed by centrifugation at 4°C. The pellet was washed twice with 20 mM
TES-KOH (pH 8.0) containing 10 mM EDTA before being analyzed for the
incorporation of 59Fe. The gamma emission from 59Fe in the cells was measured
by the Auto Well gamma system (model ARC-380; Aloka, Tokyo, Japan). Cells
at the late logarithmic stage of growth (OD730 5 1.0 to 1.3) were used for the
iron uptake measurements. The concentration of FeCl3 in the uptake reaction
solution was fixed at 10 mM, and the uptake reaction was performed with
continuous light illumination. The light source was from a 600-W halogen lamp
(Cabin Co., Tokyo, Japan), and the intensity of photosynthetically active radia-
tion was 700 mmol of photons m22 s21 (400 to 700 nm)

Other methods. Unless otherwise stated, standard techniques were used for
DNA manipulation (19).

RESULTS

Location of gene products and genes inactivated in the mu-
tants. The whole-genome sequence of Synechocystis sp. strain
PCC 6803 revealed the presence of 15 genes that are homol-
ogous to iron transporter genes identified in various nonpho-
tosynthetic organisms (13). In addition, we have recently dem-
onstrated that sll1878, whose putative product shows sequence
similarity to HitC of an Sfu/Fbp-type ferric ion transporter in
Haemophilus influenzae, plays an essential role in ferric iron
transport (14, 20). Figure 1 depicts the possible locations of the
products of these genes in cells, as predicted from the locations
of their homologues. Sll1406, Sll1409, Slr1490, and Sll1206 are
homologous to FhuA of E. coli (7) and IutA of Alcaligenes
eutrophus (10), which are located in the outer membrane.

FIG. 1. Mutants constructed by inactivating genes presumably in-
volved in iron acquisition and the possible localization of the gene
products. Open ovals, gene products that are positioned based on the
localization of their homologues in nonphotosynthetic bacteria;
shaded ovals, putative proteins that were experimentally shown to
function in iron transport. For details see the text. Vertical arrows,
genes that were individually inactivated; horizontal arrows, groups of
genes (boxed) that were inactivated in a single strain. OM, outer
membrane; PP, periplasmic space; IM, inner membrane.

TABLE 1. Regions of ORFs amplified by the RT-PCR method or
replaced by drug resistance cassettes in the mutant strains

ORF

Positionc of:

Drugd Mutant strainRT-PCR
producta

Deleted
regionb

sll1206 28–368 444–458 Kanamycin M9
sll1406 24–387 533–583 Chloramphenicol M9
sll1409 73–439 581–719 Hygromycin M9
slr1490 55–418 418–563 Spectinomycin M9
sll1202 84–480 454–500 Hygromycin M8
slr0513 60–483 448–530 Kanamycin M4 or M6
slr1295 20–427 317–373 Chloramphenicol M3 or M6
slr1319 66–441 473–477 Kanamycin M8
slr1491 81–435 481–511 Chloramphenicol M8
slr1492 15–395 166e Spectinomycin M8
sll1878 32–400 134–479 Kanamycin M1 or M5
slr0327 75–434 538–573 Spectinomycin M2 or M5
slr1318 69–422 70–518 Spectinomycin M7
slr1392 79–430 485–553 Hygromycin M10

a Regions amplified by RT-PCR (from Fig. 2).
b Regions replaced by drug resistance cassettes.
c Positions of nucleotides are counted from the first nucleotide of the initiation

codon.
d Drug to which the cassette confers resistance.
e Position at which cassette was inserted.
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Sll1202, Slr1491, Slr1492, and Slr1319 showed similarities with
FhuD and FecB of E. coli (7, 22). Slr0513 (FutA2) and Slr1295
(FutA1) are homologous to SfuA of S. marcescens (3). These
homologues are the substrate-binding proteins located in the
periplasmic space. Slr1316 and Slr1317 showed similarities
with FecC and FecD (22). Slr0327 (FutB) is homologous to
HitB of H. influenzae (20). FecC and FecD are the inner mem-
brane subunits of an ABC transporter that moves iron(III)
dicitrate across the cytoplasmic membrane, and HitB is the
inner membrane subunit of an Sfu/Fbp-type ferric ion trans-
porter. Slr1392 showed similarity with FeoB of E. coli, which
functions in ferrous iron transport (12). Figure 1 shows genes
that were individually inactivated and groups of genes that
were inactivated in a single strain. In all, 10 mutant strains (M1
to M10) were analyzed for their growth and iron uptake char-
acteristics.

In this paper, slr1295, sl0513, slr0327, and sll1878 are desig-
nated futA1, futA2, futB, and futC, respectively, for ferric iron
uptake based on their functions as demonstrated below.

Expression of genes putatively involved in iron acquisition.
Figure 2 shows the levels of transcripts of 14 genes listed in
Table 1 in wild-type cells grown in normal BG-11 medium and
in iron deprived medium, as determined by the RT-PCR
method. All four genes (sll1206, sll1406, sll1409, and slr1490)
presumed to encode outer membrane receptor proteins were
strongly expressed in iron-deprived cells. The slr1295 (futA1),
slr0513 (futA2), and slr1319 genes encoding putative substrate-
binding proteins were expressed at high levels in both iron-
replete and iron-deprived cells, with the levels of transcripts
higher in iron-deprived cells. The sll1878 (futC) and slr0327
(futB) genes were also expressed constitutively in iron-replete
cells. The amounts of transcripts of sll1202, slr1491, and slr1492
were small, even in iron-deprived cells. The transcripts of

slr1318 and slr1392 (feoB) were detected only in iron-deprived
cells.

Growth characteristics. In a previous report, we showed that
the futC-inactivated mutant (M1) grew much slower than the
wild type on iron-free BG-11 agar plates (14). This was con-
firmed in this study (lanes M1 and WT in Fig. 3). The M2, M5,
and M6 mutants showed growth characteristics similar to those
of M1 and grew very poorly on iron-free plates, while all other
mutants grew as well as the wild type under these conditions
(Fig. 3). The growth of the M1, M2, M5, and M6 mutants
appeared to be slower than that of the wild type on normal
BG-11 plates, but the difference was not significant (not
shown). The growth of the double mutant lacking futB and futC
(M5) was similar to that of the single mutants (M1 and M2) in
which these genes were individually inactivated. This suggested
that futB and futC encode subunit polypeptides of a single
transporter. The double mutant (M6), in which both futA1 and
futA2 encoding putative substrate-binding proteins were inac-
tivated, showed growth characteristics like those of the M1
strain, while single mutants M3 and M4, in which either of
these genes was inactivated, grew as well as the wild type on the
same iron-free medium. These results suggest that FutA1 and
FutA2 are subunit proteins of an ABC transporter essential to
iron acquisition in Synechocystis and that they have redundant
or overlapping substrate-binding functions. These putative
periplasmic iron-binding proteins may function in conjunction
with FutB and FutC in the iron transporter complex. The M7,
M8, M9, and M10 mutants showed wild-type growth charac-
teristics under both normal and iron-free conditions. Thus,
none of the genes inactivated in these mutants play a signifi-
cant role in iron acquisition in wild-type cells under these
conditions.

FIG. 2. Expression profiles of putative iron transporter genes in
Synechocystis sp. strain PCC 6803. The amounts of transcripts in cells
grown in normal BG-11 medium (lanes N) or in iron-free BG-11
medium (lanes -Fe) were determined by the RT-PCR method. The
regions of the genes amplified are summarized in Table 1. OM, PP,
and IM are as indicated in Fig. 1. Absence of contamination of DNA
was confirmed by performing the RT reaction without reverse tran-
scriptase (-RTase) followed by PCR.

FIG. 3. Growth of the wild type and mutants on solid iron-free
BG-11 medium. Wild-type (WT) and mutant (M1 to M10 [Fig. 1]) cells
of Synechocystis were pelleted by centrifugation and resuspended in
iron-free BG-11 medium at pH 8.0. Two microliters each of cell sus-
pensions, with OD730 values of 0.1, 0.01, and 0.001, were spotted on
agar plates containing iron-free BG-11 buffered at pH 8.0, and the
plates were incubated under 3% (vol/vol) CO2 in air for 7 days.
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Uptake of ferric iron. Figure 4 shows the amounts of Fe31

taken up by the wild-type and mutant strains grown in nutrient-
replete medium (A) or by iron-deprived cells (B) during 5 min
of incubation in the light with 10 mM FeCl3 in the presence of
1 mM Ferrozine. The Fe31 uptake activities of the M1, M2,
M5, and M6 mutants, either maintained in nutrient-replete
medium or starved for iron, were much lower than those of
wild-type cells and of the other mutants. The activity of M5 was
similar to that of M1 or M2. These results support the view that
the fut genes disrupted in the mutants encode the subunits of
a single Fe31 transporter. These mutants still retained low
levels of Fe31 transport activity, suggesting the presence of an
Fe31 transporter(s) other than the fut-dependent system. The
Fe31 transport activity in the iron-deprived M3 cells was about
half the activity of the M4 mutant (B), suggesting that FutA1
is a major iron-binding protein involved in fut-dependent Fe31

transport.
Uptake of ferrous iron. Figure 5 shows the amounts of Fe21

taken up by the wild-type and mutant strains grown in nutrient-
replete medium (A) and by iron-deprived cells (B) during 5
min of incubation in the light with 10 mM FeCl3 in the presence
of 5 mM ascorbate (12). The activity of Fe21 uptake was low in
wild-type cells cultured in normal BG-11 medium and was
increased about eightfold after iron deprivation. Thus, Syn-
echocystis sp. strain PCC 6803 has an Fe21 transporter that is
induced by iron deprivation. The M3, M4, M7, M8, and M9
strains were similar to the wild type in that their activities were
low in cells grown in normal medium and were increased six- to
eightfold after iron deprivation. In contrast, the M1, M2, M5,
and M6 mutants grown in nutrient-replete medium showed
much higher activity of Fe21 transport than wild-type cells,
indicating that the Fe21 transport system is induced in these
mutants during growth in the complete medium. The activities
in iron-deprived cells of these mutants were not significantly

different from those in iron-replete cells and were two-thirds
the activity in iron-deprived wild-type cells. The lower levels of
Fe21 uptake in the mutants may be due to changes in cell size
or cellular composition. In fact, the chlorophyll contents of
these four mutants were 2.7 to 3.1 mg/108 cells, while those in
the wild-type cells and other mutant cells were 3.7 to 4.0 mg/108

cells. Therefore, the Fe21 uptake activities in the iron-deprived
cells of the mutants were similar to the wild-type activity when
the values are expressed on a chlorophyll basis.

The Fe21 uptake activity of the M10 mutant was similar to
the wild-type activity when cells were grown in normal medium
but was much lower, about one-fourth of the wild-type activity,
after iron deprivation. Thus, slr1392 (feoB) encodes a protein
that is induced under iron deprivation and functions to trans-
port ferrous iron.

DISCUSSION

In this study, we identified four genes that play a major role
in iron acquisition in Synechocystis sp. strain PCC 6803, both in
iron-replete and iron-deficient conditions. These four genes
appear to encode subunits of a single Fe31 transporter. The
Synechocystis genome contains many genes that are homolo-
gous to the genes involved in iron acquisition in nonphotosyn-
thetic bacteria. Ten mutants were constructed by inactivating
single or multiple genes putatively involved in iron uptake (Fig.
1). Out of these mutants, only four mutants, with slr1295
(futA1), slr0513 (futA2), slr0327 (futB), and/or sll1878 (futC)
in-activated, exhibited a mutant phenotype. Computer analysis
indicated that all of these genes possess an ABC transporter
gene family signature. The following results strongly suggest
that these genes may encode subunit proteins of a single Fe31

transporter. (i) The M1, M2, M5, and M6 mutants all exhibited
the same growth characteristics (Fig. 3) and showed a marked

FIG. 4. Amounts of 59Fe31 taken up by wild-type (WT) and mutant
(M1 to M10 [Fig. 1]) cells. Cells grown in complete medium (A) and
iron-deprived cells (B) were incubated with 10 mM 59FeCl3 for 5 min
in the light in the presence of 1 mM Ferrozine.

FIG. 5. Amounts of 59Fe21 taken up by wild-type (WT) and mutant
(M1 to M10 [Fig. 1]) cells. Cells grown in complete medium (A) and
iron-deprived cells (B) were incubated with 10 mM 59FeCl3 for 5 min
in the light in the presence of 5 mM ascorbate.
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reduction in their ability to take up Fe31 (Fig. 4). All of these
mutants showed high Fe21 uptake activity when grown in nor-
mal BG-11 medium, indicating that the intracellular iron con-
centrations were low enough to induce the expression of the
feoB gene even when the cells were grown in iron-replete
medium (Fig. 5A). (ii) Inactivation of futB against the back-
ground of futC mutation did not further decrease the Fe31

uptake activity (M1 versus M5 in Fig. 4), which strongly sug-
gested that FutB and FutC are the subunit polypeptides of a
single transporter. An ATP/GTP-binding motif (consensus:
[AG]-x(4)-G-K-[ST] [25]) was identified in FutB (AARSL
GKS: positions 458 to 465) as well as in FutC (GPSGCGKT;
positions 53 to 60). It is well known that the archetypal ABC
transporter consists of two ABC domains and two transmem-
brane domains. In many bacterial ABC transporters, each of
these four domains is encoded as an independent polypeptide,
although in other transporters the domains can be fused in any
one of a number of ways into multidomain polypeptides (17).
However, association of one subunit carrying the membrane
domain and the ABC domain fused on one polypeptide, with a
second peripheral subunit carrying only the ABC domain, has
not been reported. The present results for M1, M2, and M5
strains imply the presence of such a unique combination in the
ABC transporter family. (iii) Both futA1 and futA2 are homol-
ogous to sfuA in S. marcescens, which encodes a substrate-
binding protein (Fig. 1). The M3 and M4 strains, in which these
genes were inactivated individually, showed growth character-
istics similar to those of the wild type (Fig. 3). Inactivation of
other genes that encode putative substrate-binding proteins
had no effect on growth and Fe31 uptake activity (lanes M8 in
Fig. 3 and 4). Only the M6 strain, lacking both futA1 and futA2,
showed a mutant phenotype similar to those of the M1 and M2
strains. These results suggest that FutA1 and FutA2 have re-
dundant or overlapping Fe31 binding activities that function in
the ABC transporter containing FutB and FutC as the inner
membrane and membrane-associated subunits, respectively.
(iv) All the fut genes were expressed constitutively in cells
grown in normal medium (Fig. 2). This is consistent with the
observation that inactivation of these genes significantly low-
ered the activity of Fe31 uptake in cells grown in iron-replete
medium (Fig. 4A). The form of iron transported across the
inner membrane by the Fut system is most probably the ferric
ion since this system is related to the Sfu/Fbp family, which
transports ferric ion (3, 4). Our preliminary result for recom-
binant FutA1 expressed in E. coli indicated that the protein
binds ferric ion directly.

The possibility of polar effects of the inactivation of fut genes
is ruled out for the following reasons. Such polar effects may
happen for the genes that constitute an operon structure. The
insertion of a kanamycin resistance cassette does not suppress
the expression of the gene(s) downstream of the cassette. As a
result, the only possible gene whose inactivation causes a polar
effect is slr0327 (futB). slr0328 and slr0329 are downstream of
slr0327 on the genome. These genes are supposed to encode
protein phosphatase and the xylose repressor, and it is unlikely
that these proteins are involved in iron transport.

Inactivation of putative iron transporter genes other than fut
genes did not have a significant effect on growth and Fe31

uptake activity, suggesting that the contribution of these genes,
if any, to iron acquisition is small. Synechococcus sp. strain

PCC 7942 and Anabaena variabilis are known to produce
unique hydroxamate-type siderophores (24). Morganella mor-
ganii takes up iron chelated to the fungal siderophore rhizo-
ferrin (15). It is possible that the above putative iron trans-
porter genes are involved in the transport of iron siderophores.
The transport of iron in the form of complexes with sid-
erophores may not be essential for iron acquisition under lab-
oratory conditions, but it may give great advantage to Synecho-
cystis cells in the natural environment. The low activities of
Fe31 uptake in M1, M2, M5, and M6 indicate the presence of
another Fe31 transporter(s), which could be encoded by the
above putative iron transporter genes.

The mechanism by which ferric iron moves across the outer
membrane to the periplasmic space is not known. Since the M9
strain did not show a mutant phenotype, a gene(s) other than
those inactivated in this mutant may be involved in this pro-
cess.

Synechocystis showed very high ability to take up ferrous iron
when iron in the medium was reduced (Fig. 5). However, in the
absence of ascorbate in the medium, the activity was much
smaller. Since the activity in the absence of ascorbate fluctu-
ates so much, depending on the growth conditions and stage of
the growth, we did not include the results in this paper. The
M10 strain grew as well as the wild type under iron-replete and
iron-deficient conditions (Fig. 3), suggesting that the transport
of Fe21 is not essential for iron acquisition in the wild type.
However, it is possible that FeoB-dependent Fe21 uptake is
essential for iron acquisition when Fut-dependent Fe31 trans-
port was impaired. In fact, we were unable to inactivate sll1392
(feoB) against the background of mutations of fut genes. The
low Fe21 transport activity in wild-type and M10 cells grown in
normal medium and in iron-deprived M10 cells indicates that
a second Fe21 transporter is present constitutively in iron-
replete cells of wild-type and mutant strains used in this study
(16).
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