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In iron-limited environments plant-growth-stimulating Pseudomonas putida WCS358 produces a yellow-
green fluorescent siderophore called pseudobactin 358. Ferric pseudobactin 358 is efficiently taken up by cells
of WCS358 but not by cells of another rhizosphere-colonizing strain, Pseudomonasfluorescens WCS374. A gene

bank containing partial Sau3A DNA fragments from WCS358 was constructed in a derivative of the
broad-host-range cosmid pLAFRI. By mobilization of this gene bank to strain WCS374 a cosmid clone, pMR,
which made WCS374 competent for the utilization of pseudobactin 358 was identified. By subcloning of the
29.4-kilobase (kb) insert of pMR the essential genetic information was localized on a BglIH fragment of 5.3 kb.
TnS mutagenesis limited the responsible gene to a region of approximately 2.5 kb within this fragment. Since
the gene encodes an outer membrane protein with a predicted molecular mass of 90,000 daltons, it probably
functions as the receptor for ferric pseudobactin 358. The gene is flanked by pseudobactin 358 biosynthesis
genes on both sides and is on a separate transcriptional unit. WCS374 cells carrying pMR derivatives with TnS
insertions in the putative receptor gene did not produce the 90,000-dalton protein anymore and were unable to
take up Fe3+ via pseudobactin 358. In WCS358 cells as well as in WCS374 cells the gene is expressed only under
iron-limited conditions.

Like most other bacteria, fluorescent pseudomonads pos-
sess a high-affinity iron uptake system that is used for growth
in environments in which the amount of available iron is low.
The system involves the synthesis and excretion of powerful
iron(III)-chelating molecules, i.e., siderophores (25), the
subsequent binding of the iron-siderophore complex by
specific membrane-associated proteins, and the uptake of
the iron cation. The different fluorescent pseudomonads
produce pyoverdin- or pseudobactin-type siderophores
which have very similar structures. Their structures consist
of a fluorescent chromophore, a dihydroxyquinoline moiety
linked to an oligopeptide 5 to 10 amino acids long. They
differ mainly in amino acid composition and sequence (7, 9,
22, 28).

Rhizosphere-colonizing Pseudomonas putida WCS358
(16) produces large quantities of the siderophore pseudobac-
tin 358 when grown under iron-limited conditions (23).
Pseudobactin 358 has a nine-amino-acid-long peptide which
is attached to the fluorescent chromophore, and it contains
three bidentate iron(III)-chelating groups (G. A. J. M. van
der Hofstad et al., manuscript in preparation). Five gene
clusters on the WCS358 genome that are involved in the
pseudobactin 358-specific iron uptake system have been
identified (22, 23).
Upon iron limitation new large outer membrane proteins

with apparent molecular weights (MWs) between 70,000 and
100,000 are synthesized by fluorescent pseudomonads (8, 11,
20, 24). The presence of such iron-regulated proteins in the
outer membrane suggests that they are involved in high-
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affinity siderophore-mediated Fe3" uptake (26). Magazin et
al. (20) cloned a gene encoding such an iron-inducible outer
membrane protein and showed that it probably is the recep-
tor for ferric pseudobactin of Pseudomonas sp. strain B10.
In Pseudomonas syringae pv. syringae B301D an outer
membrane polypeptide which has an MW of 74,000 and
which probably serves as the receptor for ferric pyoverdinpSs
has been identified (8).

This considerable variation in apparent MWs for the
pyoverdin-pseudobactin receptor proteins of fluorescent
pseudomonads may well be a reflection of the diversity -of
the pyoverdin siderophores themselves, suggesting speci-
ficity in the recognition of the siderophore of a certain strain
and its cognate receptor protein, a view that is supported by
recent investigations (5, 18).
We have investigated the pseudobactin 358-specific

siderophore receptor with P. putida WCS358 and Pseudo-
monas fluorescens WCS374 (16). The structure of pseudo-
bactin 374, the siderophore of WCS374, has been determined
and differs considerably from that of pseudobactin 358
(G. A. J. M. van der Hofstad, unpublished results). It was
shown that WCS358 is able to utilize pseudobactin 358 as
well as pseudobactin 374, whereas WCS374 is only able to
utilize its own siderophore (10). The inability of strain
WCS374 to utilize pseudobactin 358 was used to isolate and
analyze the gene for the receptor for ferric pseudobactin 358.

MATERIALS AND METHODS

Bacterial strains and plasmids. Wild-type P. putida
WCS358, its siderophore-defective (Flu- Sid') mutant
JM101, Escherichia coli strains, and plasmids used in this
study have been described previously (22, 23). P. fluo-
rescens WCS374 is a rhizosphere-colonizing isolate (16).
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KM26 is a siderophore-defective (Flu- Sid-) Tn5 insertion
mutant of strain WCS374 which was isolated in our labora-
tory (unpublished data). LWP58-55 is a mutant of strain
WCS358 which produces only low-MW lipopolysaccharide
(L. A. de Weger, unpublished data) and was used for the
preparation of the antiserum. Phage lambda::Tn5 (cl857
b221) (4) was used for transposon mutagenesis of cosmid
pMR. Cosmid pLAFRIB was constructed by insertion of the
pUC-4K restriction site-mobilizing element, consisting of a

kanamycin resistance gene with PstI, Sall, BamHI, and
EcoRI restriction sites at both ends (30), into the EcoRI site
of pLAFR1 (15), followed by deletion of the kanamycin
resistance gene from the construct by digestion with BamHI.
The resulting cosmid, pLAFRIB, contains a unique BamHI
site flanked by two EcoRI sites.
Growth conditions. E. coli and Pseuidomonas strains were

grown as described previously (23). The concentrations of
antibiotics (in micrograms per milliliter) were as follows:
ampicillin, 100 (for E. coli) and 500 (for P. plitida WCS358);
kanamycin, 25; nalidixic acid, 25; and tetracycline, 25 (all
from Boehringer Mannheim Biochemicals, Indianapolis,
Ind.). Piperacillin (Sigma Chemical Co., St. Louis, Mo.) (25
jg/ml) was used for selection of the pKT240 subclones in
strain WCS374.
DNA manipulations and conjugations. Plasmid DNA isola-

tion, restriction endonuclease digestion, gel electrophoresis,
cloning procedures, and other DNA techniques were per-

formed as described previously (21, 22, 23). Triparental filter
matings were performed with the helper strain E. coli
HB101(pRK2013) (13, 14, 22). Complementation of sidero-
phore-defective mutants was scored by screening trans-

conjugants for fluorescence (23). The ability to grow on

pseudobactin 358 was measured by screening transconju-
gants on KB agar plates containing 100 pLM pseudobactin 358
and 100 pLg of ethylene-diaminedi(o-hydroxyphenylacetic
acid) (EDDA; Sigma) per ml unless otherwise stated.

Purification of siderophores. Siderophores were isolated
from culture supernatants of 64-h-old cultures in standard
succinate medium as described by van der Hofstad et al. (29)
and de Weger et al. (10). Contaminating proteins in the
culture supernatant were precipitated with 100% ammonium
sulfate. After extraction with phenol-chloroform (1:1 [wt/
vol]) pseudobactins were precipitated with diethyl ether.
Finally, pseudobactin 358 was purified to homogeneity by
DEAE-Sephadex chromatography (G. A. J. M. van der
Hofstad et al., manuscript in preparation).

Fe3+ uptake measurements. Fe3+ uptake measurements
were taken as described by de Weger et al. (10). Briefly, cells
were incubated with 0.5 to 1.0 FM 55Fe3'-pseudobactin, and
at regular time intervals 0.5-ml samples were removed. Cells
were separated from the medium by centrifugation through a

layer of silicone oil. The radioactivity associated with the
pellet was measured with the tritium channel of an LKB 1214
Rackbeta liquid scintillation counter with 34% efficiency.
The results are representative of at least three separate
experiments which yielded essentially the same results.

Construction of a gene bank. A partial Sau3A digest of
genomic WCS358 DNA was fractionated as described pre-

viously (23). DNA fragments ranging from 15 to 35 kilobases
(kb) were ligated in the BamHI site of pLAFR1B. The
ligated DNA was packaged into lambda phage heads, fol-
lowed by transduction of phage particles to E. coli HB101 as

described previously (17, 23).
Tn5 mutagenesis. TnS mutagenesis of E. coli HB101 car-

rying cosmid pMR was carried out by the method of Shaw
and Berg (27). Mutagenized cosmids were selected by isola-

TABLE 1. Siderophore specificity of P. pttida WCS358
and P. fluorescens WCS374"

Growth on KB agar in the presence of the indicated
concn (,uM) of pseudobactin:

Strain 358 374

25 50 100 25 50 100

WCS358 + + + + + +
WCS374 + - - + + +

" Both wild-type WCS358 and WCS374 were plated (about 200 cells per
plate) on KB agar supplemented with different concentrations of pseudobactin
358 and pseudobactin 374 and were incubated at 30°C. The plates were
examined for growth after 18 h. +. Growth; -, no growth.

tion of the cosmids, followed by transformation of HB101.
Kanamycin- and tetracycline-resistant transformants were
pooled and conjugated with KM26 cells.

Cell envelopes. Cell envelopes were obtained by differen-
tial centrifugation after ultrasonic disruption of the cells and
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (11).

Antiserum preparation and immunoblot analysis. The
90,000- and 92,000-dalton outer membrane proteins of
WCS358 were excised from a sodium dodecyl sulfate-poly-
acrylamide gel and isolated by electroelution. A rabbit was
immunized by three successive injections with 60 to 100 pug
of a mixture of these two proteins. Immunoblot procedures
have been described previously (12), except that for optimal
separation of the 90,000- and 92,000-dalton proteins a 9%
polyacrylamide gel was used and electrophoresis was ex-
tended for 1 h after the disappearance of the bromophenol
blue color front from the gel.

Protein synthesis in E. coli minicells. Minicells were iso-
lated and labeled with [35S]methionine (10 pLCi) essentially as
described by Andreoli et al. (1). Radiolabeled proteins were
analyzed by autoradiography after electrophoresis on so-
dium dodecyl sulfate-polyacrylamide gels (19).

RESULTS

Siderophore specificity of two different Pseudomonas
strains. The specificity in the utilization of the siderophores
produced by strains WCS358 and WCS374 was investigated
by incubation of both strains on KB agar plates that con-
tained various concentrations of purified siderophore
pseudobactin 358 or pseudobactin 374.
The siderophore produced by WCS358 inhibited the

growth of wild-type WCS374 at concentrations of 50 ,uM and
higher, while the growth of WCS358 was not affected at all
(Table 1). The WCS374 siderophore caused no growth
inhibition of either strain at any of the concentrations used.
The growth inhibition of WCS374 by pseudobactin 358 was
caused by iron deprivation, as it could be overcome by the
addition of Fe3" (data not shown). This result indicates that
ferric pseudobactin 358 cannot be utilized by WCS374.

This result has also been demonstrated in 55Fe34 uptake
experiments with both siderophores (10). WCS358 cells
grown under iron-limited conditions were able to take up
Fe3+ from their own Fe3 -siderophore complex as well as
from the Fe3+-pseudobactin 374 complex. WCS374 cells
grown under iron-limited conditions were only able to incor-
porate Fe3 + from the Fe3)-pseudobactin 374 complex.
WCS358 and WCS374 were equally efficient in utilizing the
iron from the Fe)3 X-pseudobactin 374 complex, whereas
WCS358 was about four times more efficient than was
WCS374 when it used its own siderophore.

J. BACTERIOL.
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FIG. 1. Physical map of cosmid pMR and subclones constructed in this study. The horizontal lines represent the various insert DNAs
cloned in the broad-host-range cosmid pLAFRlB (pMR) or in the broad-host-range vector pKT240 (pAK21 to pAK31). Numbers denote
fragment sizes in kilobases. E, EcoRI; H, HindlIl; B, BamHI; Bg, BglII; X, XhoI. Pseudobactin 358 competence is defined as the ability of
the specified plasmids to allow WCS374 transconjugants to utilize pseudobactin 358 (see text for details).

Introduction into WCS374 of the competence to utilize
pseudobactin 358. The inability of WCS374 to take up iron
via pseudobactin 358 was used to identify genes and proteins
of WCS358 that are involved in this uptake process, e.g.,
outer membrane receptor proteins. For this purpose a gene
bank of strain WCS358 was transferred to strain WCS374,
and transconjugant WCS374 cells were tested to determine
whether they had become competent to utilize pseudobactin
358.
A WCS358 gene bank was constructed by cloning partial

Sau3A DNA fragments from the WCS358 genome into the
mobilizable cosmid pLAFR1B, a pLAFR1 derivative (15)
containing a unique (Sau3A-compatible) BamHI site (see
Materials and Methods). The resulting gene bank consisted
of 2,000 independent clones with insert lengths that varied
from 20 to 30 kb, sufficient to represent any DNA sequence
of the genome with a probability of 99% (6). The gene bank
was conjugated into WCS374 with the helper plasmid
pRK2013 (14). To facilitate screening we used the nonfluo-
rescing strain KM26, a siderophore-defective (Sid-) deriva-
tive of WCS374, since it was not able to grow at low (25 ,uM)
pseudobactin 358 concentrations. Transconjugants were se-
lected by plating on KB agar containing nalidixic acid and
tetracycline. We then replica plated nalidixic acid- and
tetracycline-resistant transconjugants to KB agar plates sup-
plemented with both antibiotics and to plates that also
contained pseudobactin 358. In this way we identified a

single cosmid clone that rescued KM26 from iron starvation
induced by pseudobactin 358. Cosmid DNA was isolated
from the transconjugant colony, transfected to E. coli
HB101, and mobilized into KM26 to verify that the presence
of the cosmid DNA was conditional for the ability to grow on
pseudobactin 358. The transconjugant cells were able to
grow in the presence of pseudobactin 358.
A restriction map of the insert DNA (29.4 kb) of cosmid

pMR was constructed for the enzymes EcoRI, BamHI,
XhoI, HindIII, and BglII (Fig. 1). Southern analysis in which
radiolabeled pMR was hybridized with EcoRI and HindlIl
digests of genomic DNA from wild-type WCS358 demon-
strated that the pMR insert was in fact a hybrid DNA
molecule composed of two normally unlinked DNA frag-
ments: e.g., a 6.6-kb EcoRI fragment present in pMR (Fig. 1)
was not seen on the blot, but instead two fragments of 5.7

and 7.8 kb were observed (Fig. 2). Similarly, on the blot of
the HindlIl digest the 3.8-kb fragment positioned within the
6.6-kb EcoRI fragment was replaced by two new fragments
(data not shown). This result indicates that an illegal ligation
event had occurred prior to the ligation of the insert with the
vector DNA. Part of the 6.6-kb EcoRI fragment plus the
complete 2.1-kb EcoRI fragment of pMR (the right part, Fig.
1) originated from a different part of the WCS358 genome
than the remaining DNA (approximately 24 kb).

Subcloning and TnS mutagenesis. The location on the pMR
insert DNA of the gene(s) responsible for the utilization of
pseudobactin 358 by WCS374 [pseudobactin 358 uptake
gene(s)] was analyzed by Tn5 mutagenesis and by subclon-
ing of the large insert. BglII, XhoI, and EcoRI fragments of

13,5 kb-
78 -

4,8
4,2 -

3,2 -

2,7 -_

2,1

1,7 -

FIG. 2. Southern blot analysis of WCS358. Total genomic DNA
(10 ,ug) was digested with EcoRl, run on an 0.8% agarose gel,
transferred to nitrocellulose, and hybridized with 32P-labeled cosmid
pMR. Small fragments (<1.7 kb) are not shown on the autoradio-
gram. The fragments marked with arrows are discussed in the text.
Fragment sizes are given in kilobases.

Pseudobactin 358
competence:
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FIG. 3. Locations of Tn5 insertions on the insert of cosmid pMR. Open triangles refer to TnS insertions that caused a loss of the ability
to make WCS374 cells competent for pseudobactin 358 utilization, and closed triangles refer to TnS insertions that did not affect pseudobactin
358 utilization by WCS374 cells. The broken line limits the DNA region required for the utilization of pseudobactin 358. The positions of the
5.3-kb BglII and 10.0-kb Xhol fragments are indicated by the heavy lines. The location of the genomic TnS insertion of the siderophore-
defective mutant JM101 is indicated by the large triangle. Restriction enzyme abbreviations are explained in the legend to Fig. 1.

cosmid pMR were cloned in the mobilizable broad-host-
range vector pKT240 (2) at the unique BamHI, XhoI, and
EcoRI sites, respectively. The cloned fragments and their
positions within pMR are given in Fig. 1. Each of these
subclones was mobilized to KM26 and screened for compe-
tence for pseudobactin 358 utilization. Only plasmids con-
taining a 5.3-kb BglII fragment in different orientations
(pAK21 and pAK22) were able to make WCS374 competent
to utilize pseudobactin 358 (Fig. 1). The 10.0-kb XhoI
fragment overlaps most of the 5.3-kb BglII fragment, but it
did not make WCS374 competent to utilize pseudobactin
358. Therefore, the essential DNA is present in the left part
of the BglII fragment or overlaps the left border of the XhoI
fragment (Fig. 1).
Cosmid pMR was mutagenized by infection of E. coli

HB101(pMR) with bacteriophage lambda::TnS (27). The
mutagenized cosmids were isolated and used for transforma-
tion of HB101. After selection for kanamycin and tetracy-
cline resistance, transformants were pooled and conjugated
en masse with KM26. After selection on KB agar with
tetracycline and nalidixic acid, cosmid DNA from 200 trans-
conjugants was isolated, and the positions of each of their
TnS insertions were physically mapped relative to flanking
EcoRI, Hindlll, and BglII sites. Only the 34 pMR deriva-
tives with Tn5 DNA in the insert were tested for their ability
to make their hosts competent for pseudobactin 358 utiliza-
tion. The positions of the insertions on the pMR insert are
shown on the map in Fig. 3. Four of the TnS insertions
(insertions 36, 47, 65, and 75) caused a loss of the compe-
tence to utilize pseudobactin 358. These four insertions were
all in the 5.3-kb BglIl fragment. None of the other insertions,
including surrounding insertions 99 and 79, affected pseudo-
bactin 358 utilization of KM26 cells. These results were in
good agreement with the mapping data obtained with the
subclones, and together they limited the essential informa-
tion to a DNA region approximately 2.5 kb long within the
5.3-kb BgIl fragment (Fig. 3).

Specific uptake of 55Fe3+ via pseudobactin 358. The iron
uptake of WCS374 cells harboring cosmid pMR or its muta-
genized derivatives was quantitated in pseudobactin 358-
mediated uptake measurements. 1sFe3+ complexed to
pseudobactin 358 and supplied to WCS374(pMR) cells grown
under Fe3+ limitation was taken up efficiently (Fig. 4).
WCS374 cells without the cosmid did not take up Fe3+ from
the 55Fe3+-pseudobactin 358 complex (Fig. 4). WCS374 cells
harboring mutagenized pMR derivatives (derivatives 36, 47,
65, and 75) were also not able to take up Fe3+ from the

complex, as shown for pMR-36 in Fig. 4. WCS374 cells
carrying pAK22 (Fig. 4) or pAK21 (data not shown) were as
efficient in the uptake of Fe3+ from ferric pseudobactin 358
as were WCS374(pMR) cells. These results clearly con-
firmed the previous data.

Identification of the gene product. The expression of clone
pAK21 was analyzed in E. coli minicells. A protein with an
MW of about 85,000 was only produced in minicells that
carried this plasmid (Fig. 5, lane 2). Recently (22), we
showed that both orientations of this 5.3-kb BglII fragment
expressed the 85,000-MW protein, suggesting the presence
of a promoter on the fragment.
When strain WCS358 is grown under iron limitation the

expression of a number of proteins, including two outer
membrane proteins with MWs of 90,000 and 92,000, is
induced (11, 31). An antiserum raised against a mixture of
these two proteins was used to analyze the synthesis of both
proteins in WCS358 and to test whether WCS374 harboring
pMR produced any of these proteins. Figure 6 (lanes 2 and 9)
and Fig. 7 (lane 1) show that indeed only the 90,000- and
92,000-MW proteins of cell envelopes isolated from iron(III)-
limited WCS358 cells reacted in immunoblots with this
antiserum. Cell envelopes of cells grown with excess Fe3"

0.5-
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E

= 0.2-
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5 10 15 20 25
Time (min)

FIG. 4. Pseudobactin 358-mediated 55Fe uptake by cells of
WCS374 (@), WCS374(pMR) (0), WCS374(pAK22) (A), and
WCS374(pMR-36) (O) grown under iron limitation.
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FIG. 5. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis of "S-labeled polypeptide products in minicells containing
pKT240 (lane 1) or pAK21 (lane 2). MW marker proteins (in
thousands [K]) were phosphorylase b (97K), glutamate dehydroge-
nase (55K), lactate dehydrogenase (36K), and trypsin inhibitor
(20K).

showed no reaction (Fig. 7, lane 2). The antiserum cross-

reacted with a 91,000-MW protein present in cell envelopes
isolated from iron(III)-limited WCS374 cells (Fig. 6, lane 1,
and Fig. 7, lane 3). Here also cell envelopes prepared from
cells grown under iron-rich conditions did not react (Fig. 7,
lane 4).

Cell envelopes of different WCS374 cells containing
cosmid pMR or its derivatives were analyzed on immuno-
blots with this antiserum. Only in cell envelopes of WCS374
cells that harbored cosmid pMR and that were grown under
iron(III) limitation was a new protein (besides the endoge-
nous 91,000-MW protein) which comigrated with the

1 2 3 4 5 6 7 8 9

91K_ 92__K_=___ 92K
-90K

FIG. 6. Immunoblot analysis of cell envelope preparations run

on a 9% sodium dodecyl sulfate-polyacrylamide gel with an antise-
rum raised against a mixture of 90,000 (90K)- and 92,000 (92K)-MW
proteins of WCS358. Cell envelopes were isolated from cells grown
under iron limitation. Lanes: 1, WCS374; 2 and 9, WCS358; 3,
WCS374(pMR); 4, WCS374(pMR-36); 5, WCS374(pMR-47); 6,
WCS374(pAK21); 7, WCS374(pAK22); 8, WCS374(pMA3).

FIG. 7. Immunoblot analysis of cell envelope preparations run

on an 11% sodium dodecyl sulfate-polyacrylamide gel with the
antiserum raised against the 90,000- and 92,000-MW proteins (see
the legend to Fig. 6). Cell envelopes were prepared from WCS358
and WCS374 cells grown under iron-limited (lanes 1, 3, 5, and 7) or

iron-rich (lanes 2, 4, 6, and 8) conditions. Lanes: 1 and 2, WCS358;
3 and 4, WCS374; 5 and 6, WCS374(pMR); 7 and 8, WCS374
(pAK22).

WCS358 90,000-MW protein expressed (Fig. 6, lane 3, and
Fig. 7, lane 5). Under iron-rich conditions the 90,000-MW
protein (and the 91,000-MW protein) was not observed (Fig.
7, lane 6), indicating that the mechanism of iron regulation in
both strains is very much alike or even identical. In cell
envelopes of WCS374 cells harboring the mutagenized pMR
derivatives 36 and 47, the 90,000-MW protein had disap-
peared (Fig. 6, lanes 4 and 5). Together with the fact that
these cells were not able anymore to take up Fe3+ via
pseudobactin 358, this result demonstrated that the 90,000-
MW protein was responsible for pseudobactin 358-specific
iron uptake. Cell envelopes of only iron-limited WCS374
cells harboring plasmid pAK21 or pAK22, containing the
5.3-kb BglII fragment of pMR, also contained the 90,000-
MW protein (Fig. 6, lanes 6 and 7, and Fig. 7, lane 7). This
result strongly suggests that this protein is identical to the
85,000-MW protein observed in the minicell analysis. The
observed difference in size is very likely the result of
differences in the resolution of the gel systems used. Cell
envelopes of normal (not minicell-producing) E. coli cells
containing cosmid pMR or either subclone did not react with
the antiserum, probably as a result of poor expression of the
gene or instability of the gene product in E. coli.

Linkage to siderophore biosynthesis genes. The restriction
digestion pattern of the left end of the pMR insert (com-
prising the 4.8- and 3.2-kb EcoRI fragments; Fig. 1) looks
very similar to a region of the previously characterized gene
cluster A, which was shown to be involved in the biosyn-
thesis of pseudobactin 358 (22). To check whether this
similarity indeed indicates that pMR and cluster A are

linked, we hybridized radiolabeled DNA of cosmid pMA3 of
cluster A (22) with an EcoRI digest of pMR on a Southern
blot. Strong hybridization occurred with the EcoRI frag-
ments of 0.8, 3.2, and 4.8 kb (data not shown), demonstrat-
ing that cosmids pMR and pMA3 had an overlap of about 8.8
kb, i.e., the 4.8- and 3.2-kb EcoRI fragments plus 0.8 kb of
the 13.5-kb EcoRI fragment, as present on cosmid pMA3.
Since the information for pseudobactin 358 utilization is
situated within the 5.3-kb BglII fragment present on the
overlapping areas of cosmids pMR and pMA3 (Fig. 8), the
latter cosmid was tested to see whether it also could make
WCS374 cells competent for the utilization of pseudobactin
358. WCS374 cells harboring pMA3 produced the 90,000-
MW protein (Fig. 6, lane 8) and were able to efficiently take
up Fe3" from pseudobactin 358 (data not shown). Subclones

12

97K- --85K11
_ o

55K
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FIG. 8. Genetic organization of P. putida WCS358 gene cluster A involved in siderophore biosynthesis and transport. The orientation and
direction of transcriptional units (wavy arrows) and polypeptide products encoded by several subclones (22) (boxes) are shown. Open and
closed triangles refer to the Tn5 insertions of siderophore-defective and receptor-negative mutants, respectively. The restriction map at the
bottom was combined from the data for the overlapping cosmid clones pMA1 (23), pMA3 (23), and pMR (heavy lines). K, Thousands.

pAK21 and pAK22 (containing the 5.3-kb BglII fragment)
were in fact derived from cosmid pMA3 of cluster A (22).
The linkage of the cosmids was also demonstrated by a

complementation analysis of the nonfluorescent mutant
JM101 (23) which TnS insertion was shown to disturb a

transcriptional unit located in the 3.2-kb EcoRI fragment (22;
Fig. 3 and 8). Cosmid pMA3 was able to complement the
mutation in JM101. After mobilization to JM101, cosmid
pMR also complemented the defect in the mutant, as mea-

sured by the restoration of fluorescence (23).
The transcriptional organization of this biosynthesis gene,

which is disturbed in JM101, and the pseudobactin 358
uptake gene was analyzed by mobilizing mutagenized pMR
derivatives to JM101 and subsequently screening transcon-
jugants for the restoration of fluorescence. pMR derivatives
carrying insertions 16, 79, 108, and 130 (Fig. 3) did not
complement the mutation in JM101, whereas all other inser-
tions, including, e.g., 47, 36, and 75, did not affect comple-
mentation, and fluorescence was restored completely. This
result shows very clearly that the biosynthesis gene and the
pseudobactin 358 uptake gene are on separate transcriptional
units.

DISCUSSION

We have identified a gene from P. putida WCS358 that
provides P. fluorescens WCS374 with competence for the
utilization of the siderophore pseudobactin 358. The gene

encodes an iron-regulated outer membrane protein that has
an apparent MW of 90,000 and that probably functions as the
receptor for ferric pseudobactin 358. The gene has been
localized on a 5.3-kb BglII fragment by subcloning and is
limited by TnS mutagenesis to a region of about 2.5 kb within
this fragment. This length of DNA would be sufficient to
encode a gene product with an MW of 90,000.
The WCS358 cosmid clone pMR, which contains this

gene, was found to be linked to the recently characterized

gene cluster A, involved in the biosynthesis of pseudobactin
(22). This region has now been extended to approximately 50
kb (Fig. 8). The receptor gene is flanked on both sides by
biosynthesis genes, as shown by the positions of the Tn5
insertions of several mutants that are defective in the bio-
synthesis of the siderophore (e.g., JM101 and JM211) (22).
The receptor gene and the biosynthesis genes are on sepa-
rate transcriptional units. This fact was demonstrated in a
complementation assay with pMR derivatives which carried
Tn5 insertions in each of the genes: pMR derivatives with
mutations in the receptor gene were still able to complement
the biosynthesis mutant JM101, whereas pMR derivatives
which did not complement JM101 still could make strain
WCS374 competent for pseudobactin 358 utilization. These
results are in agreement with those of our previous investi-
gation which demonstrated the presence of two transcrip-
tional units within the 5.3-kb BgIII fragment (22). One of the
transcripts was detected on a Northern (RNA) blot and
measured about 2.4 to 2.8 kb, a length which fits quite well
with the results described above.

Several other siderophore-defective mutants with muta-
tions which were not mapped in any of the gene clusters (23)
were also tested in the complementation assay with pMR.
However, none of the mutants was complemented by the
cosmid, indicating that the essential information is located
elsewhere on the WCS358 genome. Southern analysis in
which radiolabeled pMR was hybridized to HindIll and
EcoRI digests of genomic DNA from these mutants did not
reveal the presence of Tn5 insertions within the region of the
cosmid insert, confirming the previous conclusion (unpub-
lished results).
The 90,000-MW protein is expressed only when WCS358

cells are grown under iron limitation. This iron-dependent
expression of the gene is regulated at the transcriptional
level; in the presence of iron no transcript is found (22). In
WCS374 cells the pMR gene is expressed at the same level as

J. BACTERIOL.

v v T v v



P. PUTIDA SIDEROPHORE-MEDIATED Fe3+ UPTAKE GENE

in WCS358 cells and is also regulated by iron, suggesting that
the regulatory signals and proteins in both strains must be
quite homologous or even identical.
The presence of a single WCS358 protein in the cell

envelopes of WCS374 is sufficient to make this strain com-
petent for the utilization of ferric pseudobactin 358. It is
likely, however, that other proteins are also involved in the
iron uptake process in Pseudomonas strains. In E. coli all
siderophore systems, including, e.g., enterobactin and aero-
bactin, require the participation of several inner membrane-
associated proteins in addition to the specific receptors (3).
Our results indicate that these not-yet-identified proteins are
less specific or even very similar in WCS374 and WCS358
and are capable of interacting with both the WCS374 and
WCS358 receptor proteins. The specificity of the uptake
process therefore seems mainly to depend on the recognition
of the iron-siderophore complex by the 90,000-MW outer
membrane receptor protein.

Recently, a gene encoding an 85,000-MW outer membrane
protein involved in the uptake of ferric pseudobactin in
Pseudomonas sp. strain B10 was identified (20). By site-
specific exchange mutagenesis the investigators had created
mutants which did not produce the 85,000-MW protein
anymore and which were unable to take up ferric pseudo-
bactin. In this study our investigations were focused on the
heterologous utilization of pseudobactin 358. In WCS374
cells carrying the defective gene for the 90,000-MW protein,
Fe3+ was not taken up from Fe3+-pseudobactin 358. In a
forthcoming paper (W. Bitter, J. D. Marugg, L. A. de
Weger, J. Tommassen, and P. J. Weisbeek, manuscript in
preparation) it will be reported that WCS358 cells defective
in the synthesis of the 90,000-MW protein are still able to
take up Fe3+ delivered by pseudobactin 358, although with
greatly decreased efficiency. This result seems to be in
contrast with that for the B10 receptor mutants (20) and is an
indication that WCS358 contains an alternative receptor
protein which also can recognize ferric pseudobactin 358.
The same mutants are also still able to utilize pseudobactin
374, just like the wild type, again indicating the presence of
an alternative receptor protein.
The utilization of a heterologous siderophore by WCS358

is not limited to pseudobactin 374: it has been shown that
WCS358 is able to utilize many other siderophores produced
by a great number of Pseudomonas soil isolates (P. Bakker,
unpublished results). Some of these siderophores have been
partly characterized and shown to be different from pseudo-
bactin 358. An intriguing question is whether the uptake of
these other siderophores by WCS358 occurs via a single
receptor protein with a low specificity or via a number of
more specific receptors.

Strain WCS358 seems to be special in its ability to acquire
iron from its environment. More research is necessary to
identify the pathways involved and the consequences of this
broad-host-range siderophore utilization, factors which are
likely to be of prime importance in its role as a plant-
growth-promoting rhizosphere Pseudomonas strain.
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