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Abstract

Pseudomonas aeruginosa, Pseudomonas aureofaciens, Pseudomonas fluorescensand Pseudomonas putidaare
of importance to medicine, agriculture and biocycling. These microbes acquire ferric ion via the use of the
siderophores pyochelin and the family known as the pyoverdines or pseudobactins. The ferric uptake regulator
(fur) gene is responsible, at least in part, for the regulation of siderophore synthesis and uptake inP. aeruginosa.

To determine whether the organisms contain single or multiple homologues of the siderophore-related genes
fpvA(ferripyoverdine uptake) andfur, and whether these homologues displayed sequence heterogeneity, their chro-
mosomal DNAs were probed withfur andfpvAsequences. As a representative of a non-fluorescent pseudomonad,
the bacteriumBurkholderia(Pseudomonas) cepaciawas also examined.

The pseudomonads all containedfpvA- andfur-like homologues, and heterogeneity was observed among the
different species. The presence of two or morefpvA-like genes is indicated in all of the fluorescent pseudomonads
surveyed. In contrast,B. cepaciaDNA either did not hybridize to these probes, or did so only very weakly,
suggesting thatfur- andfpvA-like homologues are either absent or significantly different inB. cepaciacompared
to the fluorescent pseudomonads examined.

Introduction

Iron is an essential nutrient for virtually all microbes.
In aerobic environments where the pH is near neu-
trality (Neilands 1982; Emery 1983; Guerinot 1994)
extremely insoluble ferric hydroxide complexes form
making iron particularly scarce. A wide array of mi-
crobes solve this dilemma by synthesizing and excret-
ing siderophores, i.e., low molecular weight, high-
affinity ferric ion-chelating molecules (Neilands 1982;
Emery 1983; Guerinot 1994).

Two of the key aspects of siderophore use by mi-
crobes are: (1) the means by which they assimilate
the ferric form (ferrisiderophores) of the siderophores
they utilize; and (2) the mechanism(s) by which ge-
netic regulation is achieved.P. aeruginosasynthesizes
and uses three siderophores, i.e., pyochelin, salicylic
acid and pyoverdine, to assimilate iron from envi-
ronments where its concentration is limited (Neilands
1982; Emery 1983; Ankenbauer 1992; Meyeret al.
1992; Viscaet al. 1993; Ankenbauer & Quan 1994;
Guerinot 1994). Pyoverdine, the superior ferric ion
chelator (Meyeret al. 1992, 1996), is present in the
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sputa of cystic fibrosis patients (Haaset al.1991) and
is deemed essential to the virulence ofP. aeruginosa
(Meyeret al.1996).

Pyoverdines, also known as pseudobactins, are a
group of structurally related molecules (Meyer & Ab-
dallah 1978; Teintzeet al.1981; Demangeet al.1987;
Kosteret al.1993; Palleroni 1994; Meyeret al.1996,
1997) made by the fluorescent pseudomonads, which
includeP. aeruginosa, P. aureofaciens(now consid-
ered P. chlororaphis), P. fluorescensand P. putida
(Palleroni 1984). TheP. aeruginosaouter membrane
receptor protein which initiates ferripyoverdine trans-
port into the cell is termed FpvA and the responsible
gene, designatedfpvA, has been cloned and sequenced
(Pooleet al. 1993). Using a differentP. aeruginosa
strain, Lamont and colleagues (Merrimanet al. 1995,
McMorran et al. 1996, Genbank accession number
UO7359) also cloned and sequencedfpvAnoting that
in the region examined, it contained>99% identity to
the amino acids 552–814 of FpvA. Multiple ferripy-
overdine (ferripseudobactin) uptake polypeptides, and
hence genes, however, have been shown inP. putida
WCS358 (Kosteret al.1993; Bitteret al.1994; Koster
et al.1995) and implied inP. aeruginosa(Pooleet al.
1991). The multiple IROMPs (iron repressible outer
membrane proteins) of P. putida WCS358 (Koster
et al.1993; Bitteret al.1994; Kosteret al.1995) allow
the potential use of a number of different pyoverdines,
yet only one ferripyoverdine IROMP was derepressed
by iron limitation alone. In order for its gene to be
derepressed, a second pyoverdine IROMP required
both the presence of its substrate and iron limiting
conditions. Similarly, the presence of pyoverdines in
the culture medium specifically induced the synthesis
of an 85 kDa IROMP inP. aeruginosa(Gensberget al.
1992).

Structural determination, cross-feeding and59Fe-
uptake experiments (Hohnadelet al. 1988; Cornelis
et al. 1989, Meyeret al. 1997) indicated that the
pseudomonads examined usually displayed specific
pyoverdine assimilation properties. Fe3+-assimilation
occurred only from the use of a specific, or a struc-
turally very similar, pyoverdine. In particular, strains
of P. aeruginosacould be grouped into one of three
ferripyoverdine uptake groups (Corneliset al. 1989;
Meyeret al. 1997). In some cases, however, overlap-
ping of a strain’s ability to assimilate Fe3+ from two or
more distinct ferripyoverdines existed, implying that
more than one ferripyoverdine assimilation protein
may exist in a strain. It is possible thatP. aeruginosa,
like P. putida WCS 358, contains multiple IROMP

genes but that specific, inducible situations are nec-
essary if they are to be expressed simultaneously. Data
supporting such a conclusion comes from the study of
Smithet al.(1992). These investigators suggested that
a secondP. aeruginosaferripyoverdine uptake system
exists as they isolated a Tn5 mutant, which though
largely deficient in the transport of its native ferripy-
overdine, still maintained a basal level of ferripyover-
dine transport. The authors concluded, however, that
such a basal system is of lower affinity and broader
specificity as it extended to heterologous pyoverdines
from strains other than the original Tn5-mutant.

The gene responsible for controlling high-affinity
iron uptake systems is termedfur (ferric uptake
regulator).fur has been cloned and sequenced from
Escherichia coli(Schafferet al. 1985), Legionella
pneumophilia(Hickey & Cianciotto 1994),Neisse-
ria gonorrhoeae(Berishet al. 1993), P. aeruginosa
(Princeet al.1993),Staphylococcus epidermidis(Hei-
drich et al. 1996), Vibrio cholerae (Litwin et al.
1992),V. vulnificus(Litwin et al. 1993) andYersinia
pestis(Staggs & Perry 1992). The Fur protein forms
an oligomeric complex with Fe2+ and acts as a re-
pressor of many iron-regulated genes (Heidrichet al.
1996). While distinct features do exist, notable iden-
tity among thefur genes (Schafferet al.1985; Litwin
et al.1992; Staggs & Perry 1992; Princeet al.1993),
and greater than 70% similarity in the Fur proteins of
E. coli, P. aeruginosa, V. choleraeandY. pestiswere
observed (Princeet al.1993).

In a previous study (Castignetti 1997), the presence
of a ferripyochelin receptor A (fptA)-like gene was
noted in fiveP. aeruginosastrains andP. aureofaciens,
P. fluorescens, P. putida and B. cepacia. Consid-
erable heterogeneity existed in the fptA-like homo-
logues from the non-P. aeruginosabacteria; marked
homogeneity, however, existed in theP. aeruginosa
strains.

The microbes previously studied (Castignetti
1997) are of considerable medical, agricultural and
environmental importance (Palleroni 1984). In light
of the data that placesP. aeruginosaisolates into
one of three pyoverdine homology groups (Cornelis
et al. 1989; Meyeret al. 1997), it was of interest
to determine whetherfpvA-like homologues were of
similar sequence organization and numbers or whether
they were different in distinct strains ofP. aeruginosa.
As ferripyoverdine (ferripseudobactin) transport genes
have been noted inP. aeruginosa(Pooleet al. 1993),
P. fluorescens(Morris et al.1994) andP. putidaWCS
358 (Kosteret al. 1993, 1995; Bitteret al. 1994),
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it was of interest to determine whetherfpvA-like se-
quences existed inP. aureofaciensandB. cepaciaand
whether they displayed heterogeneity. Similarly, be-
cause of its importance to the control of iron-regulated
genes, we investigated whetherfur-like homologues
existed inP. aureofaciens, P. fluorescens, P. putida
and B. cepaciaand whether such homologues dis-
played heterogeneity.fur-like heterogeneity was also
investigated in the five strains ofP. aeruginosa.

Materials and methods

The five strains ofP. aeruginosa, four of which
are of clinical origin and one which is an environ-
mental (aquatic) isolate, were previously described
(Castignetti 1997). Briefly, strains RM1407, 6680
and 1–8 are cystic fibrosis isolates, strain PU21 is
a P. aeruginosaPAO subline originally isolated as a
wound isolate (Jacoby 1974) while strain 10145 was
purchased from the American Type Culture Collec-
tion (A.T.C.C.-Rockville, MD). A sixthP. aeruginosa
strain, CD10, (kindly supplied by K. Poole) is also
a PAO derivative (K. Poole, pers. comm.) and is the
strain from whichfpvA was cloned and sequenced
(Pooleet al. 1993). P. aureofaciens13985, P. fluo-
rescens17400,P. putida12633 andB. cepacia25416
were from the American Type Culture Collection.

Bacterial growth, chromosomal DNA isolation and
purification were performed as described (Castignetti
1997) or as instructed by Johnson (1994) using the
phenol-chloroform chromosomal DNA isolation pro-
cedure described therein. Chromosomal DNA (1–6µg
per reaction) was digested with eitherBamHI, HindIII,
SalI, SphI or SstII (isoschizomer ofSacII) or XhoI
(Gibco-BRL, Life Sciences, Bethesda, MD) as di-
rected by the manufacturer, subjected to agarose gel
electrophoresis (a 14× 15 cm 0.9% agarose gel,
16 mA for 16–18 h) and transferred to Qiagen (Qia-
gen Corp., Chatworth, CA) nylon+membranes using
an alkaline transfer procedure (Reed & Mann 1985).
Digestion of the chromosomal DNAs of the bacteria
of this study byBamHI or SphI resulted in noticeably
lower molecular weight bands than did digestion by
HindIII. As the pseudomonads are G:C base pair rich
(58–70 mol%-Palleroni 1984), the explanation for this
observation may be that the former two enzymes have
4 of the 6 base pairs in their recognition sequences as
G:C base pairs whileHindIII has 4 of the 6 base pairs
in its recognition sequence as A:T pairs.

E. coli harboring pEHFUR, which has aP. aerug-
inosa fur-containing 1.8-kbEcoRI-HindIII insert, was
a gift from M. Vasil (Princeet al. 1993). pEHFUR
was isolated from theE. coli using a Qiagen maxi-
prep system as directed by the manufacturer. pEHFUR
was digested withEcoRI and HindIII (Gibco-BRL,
Bethesda, MD) yielding a 1.8-kbfur fragment, which
contained the full gene, plus approximately 0.6 kb of
upstream and 0.4 kb of downstream sequences (Prince
et al. 1993). The 1.8-kbfur fragment was then sub-
jected to gel electrophoresis on a 0.85% preparative
agarose gel and isolated using the Qiagen Qiaquick
isolation procedure. The 1.8-kbfur fragment was
labelled with 32P-dCTP using either a nick transla-
tion procedure (Rigbyet al. 1977) or the Rad Prime
kit (Gibco-BRL-Life Technologies Bethesda, MD) as
directed by the manufacturer. Variations from the man-
ufacturer’s instructions were that the isolation and
collection of the radioactive probe from unincorpo-
rated nucleotides was performed using Sephadex G-50
column chromatography (Sigma, St. Louis, MO) as
described (Rigbyet al.1977) and nucleotide incorpo-
ration occurred over a period of 60–120 min.

E. coli harboring pPVR2, which contains a
P. aeruginosa fpvA4.6-kbSphI insert, was a gift from
K. Poole (Pooleet al. 1993) and pPVR2 was isolated
from theE. coli as described above. Analysis of the
P. aeruginosaCD10fpvAnucleotide sequence, as well
as the 4.6-kb fragment (Marck 1988) from which it
was cloned (Pooleet al. 1993), revealed that neither
the gene nor the fragment contains internal sites for
the restriction enzymesBamHI, HindIII or SphI. Fur-
ther, digestion withBstXI and Bsu36I (Gibco-BRL,
Bethesda, MD) would yield a 1.7-kbfpvA fragment
comprised of nucleotides entirely within thefpvAgene
(Pooleet al.1993). The 1.7-kbfpvAfragment was thus
generated and then subsequently electrophoresed, iso-
lated and labelled with32P-dCTP as noted above for
the 1.8-kbfur fragment.

E. coli harboring ptoxETA, which has aP. aerug-
inosa 741-bp PstI-NruI insert able to distinguish
P. aeruginosastrains (Grayet al. 1984, Vasilet al.
1986, Ogleet al. 1987), was supplied by M. Vasil.
The ptoxETA plasmid was isolated from theE. coli as
described above and was used as such to distinguish
amongP. aeruginosastrains (M. Vasil, pers. com-
mun.). ptoxETA was electrophoresed, isolated and
labelled with32P dCTP as noted above for thefur and
fpvAfragment probes.

DNA hybridizations were performed under moder-
ately stringent conditions as described (Doeringet al.
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1982). Autoradiographs were performed using Cronex
intensifying screens and Kodak XAR film using ex-
posure times of 1–21 days. Longer autoradiography
times (greater than 2–3 days) were generally neces-
sary for the blots probed with thefur fragment. All
DNA probing experiments were repeated at least twice
and representative results are shown. Both undigested
plasmids (e.g., pPVR2) containing the gene of in-
terest and the isolated gene probe (e.g.,fpvA) were
incorporated into gels and Southern blots to serve as
controls. These controls functioned as expected (data
not shown) and confirmed both the selectivity and
stringency of the probing experiments.

Results and discussion

Before examining our isolates for the presence offur
and fpvA homologues, it was necessary to establish
that the microbes were individual strains. As mem-
bers of distinct species,B. cepacia, P. aureofaciens,
P. fluorescensand P. putida are different from one
another andP. aeruginosa. Whether the fiveP. aerugi-
nosaisolates (6680, 1-8, RM1407, PU21 and A.T.C.C.
10145) were individual strains, however, needed to
be determined. Chromosomal DNAs from the five
P. aeruginosastrains were thus probed with ptoxETA.
All five P. aeruginosastrains were identified as be-
ing different since distinct ptoxETA fragment patterns
were generated for each (data not shown).

Data indicating that digested (SstII) chromosomal
DNA from all five P. aeruginosastrains contain multi-
ple copies offpvA-like genes are presented in Figure 1
and Table 1. WhileP. aeruginosa6680 and RM 1407
displayed identical binding patterns and substantial
homogeneity among all five strains existed, all of these
microbes had multiple (>2) probe-reactive fragments
greater than 1.7 kb, the size of thefpvAprobe. It is thus
likely that two or more distinctfpvA-like genes exist
in these bacteria, a conclusion in concert with those
studies (Pooleet al. 1991; Smithet al. 1992; Koster
et al.1995) where two or more ferripyoverdine trans-
port proteins have been noted or presumed. A similar
situation was discerned forP. fluorescens. With the
SstII digestion, however, ourP. putida, unlikeP. putida
WCS358 (Kosteret al.1993, 1995; Bitteret al.1994)
had only twofpvA-like fragments and thus could not
be assigned as definitely having two or morefpvA-like
homologues. Similarly,P. aureofacienshad only two
fragments>1.7 kb and thus may also contain a sin-
gle fpvA-like homologue.B. cepacia, the one strain of

1 2 3 4 5 6 7 8 9

23.1

9.4

6.6

4.4

2.3
2.0

Figure 1. Southern blot ofSstII (SacII) digests of chromosomal
DNAs from P. aeruginosa6680 (lane 1),P. aeruginosa1–8 (lane
2), P. aeruginosaRM1407 (lane 3),P. aeruginosaPU21 (lane 4),
P. aeruginosa10145 (lane 5),P. fluorescens17,400 (lane 6),P. au-
reofaciens13,985 (lane 7),P. putida12,633 (lane 8) andB. cepacia
25416 (lane 9) probed with the 1.7 kbBsu36I-BstXI fpvA fragment.
Sizes of standards are in kilobases.

this study not known to produce pyoverdine, lacked
any probe-reactive fragments when thefpvA probe
was used withSstII digested chromosomal DNA. Thus
while theP. fluorescensand theP. aeruginosastrains
examined showed evidence of containing two or more
fpvA-like genes, it appeared thatB. cepaciadid not
contain anyfpvA-like sequences and thatP. putidaand
P. aureofaciensmight contain only a singlefpvA-like
homologue.

In order to determine if thefpvA gene hetero-
geneity displayed by theP. aeruginosaand P. fluo-
rescensstrains was genuine, and not an artifact of the
SstII chromosomal digestions, the restriction enzymes
BamHI, HindIII andSphI were used to digest the chro-
mosomal DNAs from all of the bacteria and from
the strain (CD10) from whichfpvAhad been isolated.
These three enzymes have no restriction sites within
eitherfpvAor the 4.6 kbSphI fragment from which it
was cloned and isolated.fpvA-probing of these digests
should therefore recognize only one fragment iffpvA
is indeed a single copy gene with no other homologous
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Table 1. Restriction fragments patterns generated whenSstII (SacII)-digested chromosomal DNAs fromP. aeruginosa6680,
P. aeruginosa1–8, P. aeruginosaRM1407,P. aeruginosaPU21,P. aeruginosa10145,P. fluorescens17,400,P. aureofaciens
13985,P. putida12633 andB. cepacia25416 were probed with the 1.7 kbBsu36I-BstXI fpvA fragment fromP. aeruginosa
CD10a

P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. fluorescens P. aureofaciens P. putida B. cepacia

6680 1–8 RM 1407 PU21 10145 17400 13985 12633 25416b

15.0

11.7

11.0

9.8 9.8

8.8 8.8 8.8

7.8

7.0

6.0

5.3 5.3

4.4 4.4 4.4 4.4 4.4

4.0 4.0 4.0 4.0 4.0 4.0

3.7 3.7 3.7 3.7 3.7 3.7

3.0 3.0 3.0 3.0 3.0

2.8

1.8 1.8 1.8 1.8

1.7

1.5 1.5

1.4

1.1 1.1 1.1

<0.6

aRestriction fragment sizes are in kilobases.
bWith SstII digested chromosomal DNA, no bands were observed from theB. cepaciasample.

genes in the genomes of the bacteria examined. While
chromosomal DNA digests produced with all three
restriction enzymes, followed byfpvA gene probing
resulted in more than one band greater than 2.4 kb, the
bands present in theHindIII digest were quite large
and fewer in number than those present in either the
BamHI or SphI digests (data not shown). We hypothe-
size that this result is due to fewer restriction sites for
HindIII in these bacteria due to the relative lack of A-T
rich chromosomal sequences.

The hybridization of thefpvAprobe clearly yielded
fragments other than a single band of 2.4 kb (the size
of fpvA) or greater, indicating that more than one ho-
mologue offpvAexists in all of these microbes, with
the possible exception ofB. cepacia(Tables 1 and
2, Figures 2 and 3). It is of interest to note that not
only strains other than CD10, but indeed CD10 it-
self, contains multiplefpvA homologues. It is thus
clear that all of the fluorescent pseudomonads exam-
ined contain greater than onefpvAhomologue and thus
may have the capacity to produce multiple FpvA-like
proteins. WhileB. cepaciademonstrated nofpvAho-

mology when its DNA had been digested bySstII, it
did hybridize weakly to the probe when its DNA had
been digested byBamHI. This observation is conso-
nant with the fact that thefpvAprobe used to generate
theSphI and theBamHI data was, in particular, quite
radioactive and that the bands noted were predom-
inately much weaker than those seen for the other
bacteria. The homology observed may thus represent
weak homologies tofpvA-like sequences that spec-
ify membrane-spanning or energy transducing protein
domains withinB. cepacia’s IROMPs (see below).

Analysis of our data indicates that theP. aerug-
inosa, P. fluorescens, P. putida and P. aureofaciens
strains examined in this study contain multiplefpvA-
like sequences. We hypothesize that the domain(s)
of fpvA responsible for the specific binding of fer-
ripyoverdine by FpvA may, perhaps, not hybridize to
nucleotides responsible for the binding of heterolo-
gous ferripyoverdines coded by otherfpvA-like genes.
ThefpvA-like banding patterns observed in the current
investigation, however, may be due to common cod-
ing sequences of ferripyoverdine (ferripseudobactin)
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Table 2. Restriction fragments patterns generated whenSphI- andBamHI- digested chromosomal DNAs fromP. aeruginosa6680,P. aeruginosa
1–8, P. aeruginosaRM1407, P. aeruginosaPU21,P. aeruginosa10145,P.aeruginosaCD10, P. fluorescens17,400,P. aureofaciens13985,
P. putida12633 andB. cepacia25416 were probed with the 1.7-kbBsu36I-BstXI fpvA fragmentfrom P. aeruginosaCD10a

P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. fluorescens P. aureofaciens P. putida B. cepacia

6680 1–8 RM1407 PU21 10145 CD10 17,400 13,985 12,633 25416

SphI

16.5

13.0 13.0 13.0 13.0 13.0 13.0

12.8

12.5

12.3 12.3

12.0

9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6

9.2 9.2 9.2 9.2 9.2 9.2

8.9

8.8

8.6

8.4

8.1

7.6 7.6

7.4 7.4 7.4

7.2 7.2 7.2 7.2 7.2 7.2

7.0

6.8

6.6

6.0

5.8

5.6 5.6 5.6

5.2 5.2 5.2 5.2 5.2

5.0

4.8 4.8

4.6 4.6 4.6 4.6 4.6

4.5

4.4

4.0

3.9 3.9

3.8 3.8

3.6

3.5 3.5 3.5 3.5 3.5

3.2

3.0

2.7

2.5 2.5 2.5 2.5 2.5 2.5 2.5

2.0

1.8

1.4

0.9
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Table 2. Continued

P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. aeruginosa P. fluorescens P. aureofaciens P. putida B. cepacia

6680 1–8 RM1407 PU21 10145 CD10 17,400 13,985 12,633 25416

BamHI

>23.1 >23.1 >23.1 >23.1 >23.1 >23.1 >23.1 >23.1

>23.1 >23.1

23.1 23.1

17.0 17.0

16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0

11.0 11.0

9.3

9.2 9.2 9.2 9.2 9.2 9.2

7.6

6.6

6.4 6.4

4.2

3.8

3.6

3.5

2.7

2.6

2.5

2.3

1.8 1.8 1.8 1.8 1.8 1.8

aRestriction fragment sizes are in kilobases.

uptake genes which specify the membrane-associating
amino acids or the energy transducer protein (TonB)-
interacting regions of the FpvA-like proteins they
specify (Pooleet al. 1991; Kosteret al. 1995; Larsen
et al.1997).

That all sixP. aeruginosastrains contained more
than two SstII-digested homologues of greater than
1.7 kb in size suggests that these microbes may contain
greater than onefpvA-like gene and protein. The same
conclusion is made when one analyzes thefpvA-probe
data from theBamHI, HindIII and SphI blots. Given
that P. aeruginosastrains examined to date fall into
one of three pyoverdine assimilation groups and that
only a particular ferripyoverdine assimilation protein
was expressed at a particular time (Hohnadelet al.
1988; Corneliset al. 1989; Meyeret al. 1997), our
data indicate that members of this species may indeed
have the genetic capacity to use other pyoverdines via
independent ferripyoverdine-assimilation proteins, a
suggestion similarly made by Pooleet al.(1991) when
their ferripyoverdine IROMP mutant was nonetheless
able to transport the ferrisiderophore at residual rates.
P. aeruginosamay thus be similar toP. putidaWCS

358 in that a specific pyoverdine may need to be
present in order to cause the expression of secondary
ferripyoverdine-assimilating proteins, although Gins-
berg et al. (1992) presented data which indicated
that P. aeruginosaemployed a single ferripyoverdine
IROMP for the transport of chromatographically dis-
tinct pyoverdines. In this respect, Meyeret al. (1999)
recently demonstrated that FpvA fromP. aeruginosa
A.T.C.C. 15692 recognized and transported the bac-
terium’s native ferripyoverdine and also that of a dif-
ferent species, that is,P. fluorescensA.T.C.C. 13525.
As the nucleotide sequence of the latter bacterium’s
fpvA-like gene has not been determined, it is impossi-
ble to know the degree of similarity between the FpvA
proteins and genes of the two bacteria. Whether they
are strict homologues, share a great degree of simi-
larity, or whether otherfpvA-like homologues exist in
these two strains, as the data of the current study would
suggest, will be most interesting to discern.

The lack, or weak, binding of the 1.7 kbfpvA
probe to DNA of B. cepaciasuggests that while it
makes two siderophores (pyochelin and salicylic acid)
in common withP. aeruginosa, it does not share ap-
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Figure 2. Southern blot ofSphI digests of chromosomal DNAs from
P. aeruginosa6680 (lane 1),P. aeruginosa1–8 (lane 2),P. aerug-
inosa RM1407 (lane 3),P. aeruginosaPU21 (lane 4),P. aerugi-
nosa10145 (lane 5),P. aeruginosaCD10 (lane 6),P. fluorescens
17 400 (lane 7),P. aureofaciens13 985 (lane 8),P. putida12 633
(lane 9) andB. cepacia25416 (lane 10) probed with the 1.7 kb
Bsu36I-BstXI- fpvA fragment. Sizes of standards are in kilobases.

preciable homologies in its presumed ferrisiderophore
uptake genes or proteins. AsB. cepacialacks the abil-
ity to use ferripyoverdine (Meyeret al. 1989), strong
binding to thefpvAprobe was not expected. The need
for membrane localizing- and TonB-interacting do-
mains in ferrisiderophore uptake proteins, however,
would suggest that all such genes contain some degree
of homology. Whether such is the situation between
B. cepacia, P. aeruginosaand the other pseudomon-
ads of this study, will only be clarified once all the
responsible genes have been sequenced and the ho-
mologies among the group have been determined. The
absence or noticeably weak binding of thefpvAprobe
to chromosomal DNA ofB. cepacia, however, indi-
cates that the ferrisiderophore-transporting proteins of
this organism lack appreciable homology to those of
the ferripyoverdine-IROMPs ofP. aeruginosaand the
other fluorescent pseudomonads examined.

1    2    3    4     5    6    7    8     9   10

23.1

9.4
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Figure 3. Southern blot ofBamHI digests of chromosomal DNAs
from P. aeruginosa6680 (lane 1),P. aeruginosa1–8 (lane 2),
P. aeruginosaRM1407 (lane 3),P. aeruginosaPU21 (lane 4),
P. aeruginosa10145 (lane 5),P. aeruginosaCD10 (lane 6),P. fluo-
rescens17 400 (lane 7),P. aureofaciens13 985 (lane 8),P. putida
12 633 (lane 9) andB. cepacia25416 (lane 10) probed with the
1.7 kb Bsu36I-BstXI- fpvA fragment. Sizes of standards are in
kilobases.

The fpvA-like homology data of the current in-
vestigation has both similarities and contrasts with
the data recently presented (Castignetti 1997). Ho-
mologues of fptA-like sequences in theP. aeruginosa
strains used in that study, which are identical to the
ones used in the current study (with the exception of
P. aeruginosaCD10) contained sequence homogene-
ity among four of the five strains and only a single
fptA gene likely exists in all five of theP. aerugi-
nosastrains examined.P. fluorescens, P. aureofaciens
andP. putida, however, contained multiple fptA-like
sequences, indicating that for these bacteria multiple
FptA-like proteins may be present.

Probing the fiveP. aeruginosastrains (6680, 1–8,
RM1407, PU21 and A.T.C.C. 10145) with the 1.8-
kb fur fragment resulted in the two distinct banding
patterns seen in Figure 4. The patterns noted are con-
sistent withfur being well-conserved withinP. aerug-
inosastrains. Even though thefur probe used contains
sequences other than those of thefur gene, our re-
sults are consistent with the possibility that a single
fur homologue exists in these strains since thesefur-
like homologues contained no more than two bands
larger than the probe (1.8 kb). Such a situation is con-
sonant with those of previous studies (Schafferet al.
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Figure 4. Southern blot of aSstII (SacII) digests of chromosomal
DNA from P. aeruginosa6680 (lane 1),P. aeruginosa1–8 (lane
2), P. aeruginosaRM1407 (lane 3),P. aeruginosaPU21 (lane
4), P. aeruginosa10145 (lane 5),P. fluorescens17,400 (lane 6),
B. cepacia25416 (lane 7),P. putida12 633 (lane 8) andP. aure-
ofaciens13 985 (lane 9) probed with the 1.8 kbEcoRI-HindIII fur
fragment. Sizes of standards are in kilobases. Two patterns (first
pattern:bands of 4.0, 1.1 and 0.9 kb for strains 6680 and 1–8, second
pattern:bands of 4.0, 3.5 and 1.1 kb for strains RM1407, PU21 and
10145) were noted for the strains ofP. aeruginosa. P. fluorescens
had a single band of 14.5 kb,B. cepaciaDNA did not bind the probe,
P. putidahad bands of 5.5 and 4.2 kb whileP. aureofaciensbound
the probe with bands of 2.0 and 0.9 kb.

1985; Litwin et al.1992, 1993; Staggs & Perry 1992;
Berish et al. 1993; Princeet al. 1993; Hickey &
Cianciotto 1994; Heidrichet al. 1996), which indi-
cated that a considerable degree of homology exists
in the fur homologues of different bacterial species.
The banding patterns noted inP. aureofaciens, P. flu-
orescensandP. putidaare of interest as they were not
those ofP. aeruginosa, suggesting that while afur-
like homologue exists in these microbes, such genes
are heterologous to those of the probe, i.e.,P. aerugi-
nosa. The lack of binding of the 1.8-kbfur fragment to
chromosomal DNA ofB. cepaciaindicates, however,
that if this organism does contain afur-like gene, its
sequence is significantly different from that of either

of the P. aeruginosastrains or the other fluorescent
pseudomonads examined.

Note added in proof

A Blast search of the unfinished genomes of
Pseudomonas aeruginosaand Pseudomonas putida
resulted in only one significant homology being found,
that is, thefpvAsequence ofP. aeruginosa.
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