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Pseudomonas aeruginosa PAO was mutagenized with Tn1737KH, a type I transcription probe transposon
containing a promoterless lacZ (p-galactosidase) gene, and 24 insertion mutants that did not grow under
iron-deficient conditions were isolated. None of the culture supernatants from any mutants contained pyover-
din, a low-molecular-weight siderophore able to sequester ferric iron at very high affinity, and the growth
defects of the mutants were all phenotypically recovered by the addition of the culture supernatant from the
wild-type strain. These phenotypes led to the inference that all the mutants had defects in the genes (pvd genes)
for production of pyoverdin. In some pvd::Tnl737KH mutants, high levels of 3-galactosidase activities were
observed, and such activities were drastically reduced by the addition of ferric ion in the culture media,
indicating that the expression of at least some pvd genes is regulated at the transcriptional level. Molecular
cloning and physical analysis of the chromosomal fragments with TnZ737KH insertions allowed us to allocate
all the mutations within a 103-kb region, referred to as the pvd region, that was found to locate at 47 min on
the genetic map of PAO. Further physical mapping and Southern analysis showed that there is a 10-kb overlap
between the pvd region and the 125-kb cat4 region described by Zhang and Holloway (C. Zhang and B. W.
Holloway, J. Gen. Microbiol. 138:1097-1107, 1992). We could hence illustrate the physical map of the P.

aeruginosa chromosome with a size of 218 kb.

Iron is an essential element for the growth of almost all
bacterial species. The solubility of ferric ion is very low in
nature, and bacteria have evolved various kinds of efficient
mechanisms to acquire iron under limiting conditions (32).
The common and well-studied iron acquisition systems in bac-
teria involve secretion of low-molecular-weight, high-affinity
iron chelators, termed siderophores, and uptake of the ferric
siderophore complexes into the cell by specific receptors lo-
cated at the cell surfaces (15). For various pathogenic bacteria
that have to acquire iron from severely restricted environments
in the hosts, the siderophore-mediated iron uptake systems are
considered important pathogenic factors (25).

Pseudomonas aeruginosa, an important opportunistic patho-
gen of humans, is a representative of fluorescent pseudo-
monads (19). Under iron limitation, this microorganism, in-
cluding strain PAO, secretes two siderophores, pyochelin (12)
and pyoverdin (13), and some outer membrane proteins spe-
cifically bind and transport ferripyochelin or ferripyoverdin
into the cell (5, 38, 45). Pyoverdin has a chelating affinity for
Fe*" more than 25 orders of magnitude higher than that of
pyochelin and promotes cellular growth in the presence of
human serum and transferrin (4, 14). Pyoverdin has been
therefore considered to play a crucial role in vivo in the mo-
bilization of ferric ion (4).

Pyoverdin secreted by P. aeruginosa is a water-soluble, yel-
low-green fluorescent compound that is composed of a dihy-
droxyquinoline-containing fluorescent chromophore joined to
one terminus of a partly cyclic octapeptide (D-Ser—L-Arg—D-
Ser-L-N°-OH-Orn-L-Lys-L-N°-OH-Orn-L-Thr-L-Thr) (9).
Other fluorescent Pseudomonas species of rhizosphere origin
also secrete pyoverdin-like siderophores, pseudobactins (35).
While the chromophore parts are well conserved among these
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siderophores, the peptide compositions show some difference
(1). The resemblance of the chemical compositions among
these siderophores has been expanded to a high degree of
sequence homology of the genes responsible for biosynthesis of
pyoverdins and pseudobactins among different Pseudomonas
spp., and these genes are suggested to have evolved from a
common ancestral set of genes (41). To date, genetic analyses
of pseudobactin-mediated ferric ion acquisition systems have
been extensively carried out with a Pseudomonas putida strain,
WCS358 (27), and a Pseudomonas sp. strain, M114 (35). These
analyses have unravelled (i) the requirement of a number of
genes and a long range of DNA regions for the iron acquisition
(e.g., more than 35 genes and 100 kb, respectively, in P. putida
WCS358 [26]) and (ii) the involvement of both negative and
positive regulatory systems for expression of these genes (23,
33, 34, 54).

Regarding the pyoverdin-mediated iron uptake system of P.
aeruginosa PAO, a ferripyoverdin-binding receptor protein and
its gene have been analyzed in detail (37, 38). In contrast,
progress in studies of pyoverdin synthesis has been made at low
rate. The pyoverdin-deficient (Pvd™) mutations isolated
mainly by chemical mutagens have been mapped at two distinct
regions on the chromosomal map (3, 18, 41, 56). An early part
of the biosynthetic pathway of pyoverdin has been clarified by
Visca et al. (56), and three DNA fragments containing some
pvd genes have been isolated by (i) selecting a recombinant
cosmid that could complement pvd mutations (55), (ii) trans-
poson insertion mutagenesis of the pvd genes followed by mo-
lecular cloning of the transposon-tagged chromosomal frag-
ment (41), and (iii) selecting DNA fragments hybridized with
the pseudobactin synthesis genes of P. putida WCS358 (28). It
has been, however, unknown whether these cloned fragments
are physically separated or overlapped with one another and
whether they cover all the genes necessary for pyoverdin pro-
duction.

We are interested in (i) the organization of genes involved in
the pyoverdin-mediated ferric ion uptake system on the chro-
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TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or Relevant characteristics Reference or
plasmid source
E. coli
DH5a recAl endAl gyrA96 thi-1 hsdR17 supE44 A(lac)U169 ($80dlacAM1S5) 6
S17-1 pro thi recA hsdR Tp" Sm"; chromosomally integrated RP4-2-Tc::Mu-Km::Tn7; mobilizer of 44
plasmid carrying the R68-derived Mob“ region
P. aeruginosa
PAOI1 Prototroph 19
PAO25 leu-10 argF10 17
PAO1304 nar-9011 cnu-9001 gcu-2::Tn5 57
PAO1305 nar-9011 cnu-9001 gcu-3::Tn5 57
PAO2196 met-9020 catAl nar-9011 chu-9002 trpB9029 lys-9015 H. Matsumoto
PAO2384 met-9020 catAl nar-9011 mtu-9002 tyu-9030 dcu-9001 52
MT1 PAOL1 str-8006 46
MT2503 trpA,B::pME319” his-301 str-1 recA301; Hfr strain 47
AMT72 lys-9015™ recA301 derivative of PAO2196; MT2503 X PAO2196 This study
AMT74 met-9020" recA301 derivative of PAO2384; MT2503 X PAO2384 This study
Plasmids
pME305 Cb" Tc" Tra™ Rep(Ts); R68 derivative 40
R68.45 Cb" Tc" Km' Tra™ Cma™¢; R68 derivative 17
pMO1983 Tc', pLA2917 derivative carrying the gcu-3 gene of P. aeruginosa PAO 57
pBR322 Ap" Tc* 8
pRU869 Ap" Km', pJOE676::Tn1737Km 53
pNOT322 Ap" Tc'; pBR322 derivative with the Ndel-NotI adaptor in the Ndel site of pBR322 (Fig. 1) 42
pMOB3 Km" Cm"; pHHS21 derivative with NotI-flanked mobilization cassette (the cassette contains 42
the Cm" gene, the sacB locus, and the R68-derived Mob region)
pSUP203 Ap" Tc" Cm"; pBR325 derivative carrying the R68-derived Mob region 44
pHP45QOHg Ap" Hg"; pBR322 derivative carrying HindIlI-flanked Hg" genes 16
pBend2 Ap"; pBR322 derivative carrying directly repeated copies of multiple cloning sites (Fig. 1) 22
pNM21 Cb" Tc* Km" Tra™*; R68.45 derivative carrying the argC, trpCD, prtA-N, and trpE genes of 43
P. aeruginosa PAO
pNM108 Cb" Tc* Km" Tra™; R68.45 derivative carrying the prtN, argC, and #rpCD genes of 43
P. aeruginosa PAO
pMT267 Ap"; pBR322 derivative whose EcoRI-HindIII fragment is replaced by that derived from This study
pUC19 (Fig. 1)
pMT1288 Ap" Tc'; pBR322::Tn1722 (Fig. 1) 50
pMT5056 Ap" Tc"; pBend2 derivative carrying the Kpnl-flanked Tc" gene cartridge (Fig. 1) This study
pMT5059 Ap"; pBend2 derivative carrying the multiple cloning site and NotI site (Fig. 1) This study
pMT7009 Cb" Tc" Km" Tra*; R68.45 derivative carrying the catA, pvd, and mtu-9002 genes of This study

P. aeruginosa PAO; PAO25(R68.45) X AMT72

“ Plasmid mobilization.

b Stable chromosomal copy of an R68 derivative temperature sensitive for replication.

¢ Cma, chromosome mobilization ability.

mosome and (ii) genetic regulation of this system. In this study,
we isolated the pvd mutations of P. aeruginosa PAO by use of
a type I transcription probe transposon, and these mutations
were genetically and physically mapped on the chromosome.
We also show that some pvd genes were transcriptionally reg-
ulated in response to ferric ion concentrations.

MATERIALS AND METHODS

Organisms and media. Plasmids and bacterial strains used are listed in Table
1. The pvd allele numbers are the same as the strain numbers after the prefix
AMT. Strains were, unless otherwise stated, grown at 37°C. For conjugal transfer
and mobilization of plasmids from Escherichia coli to P. aeruginosa, the recipient
cells were grown overnight at 43°C to minimize host restriction (57). Bacterio-
phage G10142 (10) was employed for generalized transduction.

Bacterial cells were cultivated in Luria broth (LB) or M9 minimal medium (6).
The carbon source added to the latter medium was 10 mM either glucose,
sodium succinate, sodium benzoate, mannitol, or glycine, and amino acids (1
mM) were added as required. Solid media were prepared by the addition of agar
(1.5%). The iron-deficient minimal medium contained 400 pg of ethylenedia-
mine-di(o-hydroxyphenylacetic acid) (EDDA) per ml as a nonmetabolizable iron
chelator. Selective agents added to media were as follows (in micrograms per
milliliter): ampicillin, 50 for E. coli; carbenicillin, 500 for P. aeruginosa; HgCl,

(Hg), 15; kanamycin, 50 for E. coli and 250 for P. aeruginosa; streptomycin, 1,000;
and tetracycline, 10 for E. coli and 50 for P. aeruginosa.

Genetic methods. The procedures described previously (46-48, 52) were em-
ployed for transduction, conjugation on an LB agar plate, in vivo construction of
R-prime plasmids from R68.45, and the complementation test with the resulting
R-prime plasmids. The R-prime plasmids carrying the cat4 locus were con-
structed by mating of PAO25(R68.45) and AMT72 followed by selection of the
transconjugants on M9 benzoate minimal agar plates supplemented with tryp-
tophan, methionine, kanamycin, and tetracycline. The resulting transconjugants
were used as the donors for the subsequent mating with AMT74 to investigate
the presence of the mtu-9002 locus on the R-prime plasmids. Plasmid pMT7009
is one of such R-prime plasmids carrying both loci (Table 1).

Recombinant DNA techniques. Established procedures (6, 51) were employed
for preparation of plasmid and chromosomal DNAs, their in vitro manipulation,
agarose gel electrophoresis, transformation of E. coli, and Southern hybridiza-
tion.

Construction of Tn1737KH and its use for mutagenizing P. aeruginosa.
TnZ737Km is a Tnl722-based, type I transcription probe transposon carrying a
promoterless lacZ gene as a reporter (53). Since P. aeruginosa is intrinsically
resistant to high concentrations of kanamycin, a 4.7-kb HindIII fragment of
pHP450Hg containing an Hg" determinant (16) was inserted in one of the
HindIII sites of Tn/737Km on pRU869 (53) to construct Tn/737KH (Fig. 1A).
A mating-out procedure (49) was employed for E. coli to transpose Tnl737KH
at 30°C from the pRU869 derivative to pME305, a broad-host-range, transmis-
sible R68 derivative temperature sensitive for replication (40). One of the re-
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FIG. 1. Transposon and plasmids constructed in this study. (A) Structure of Tn/737KH. The arrow in parentheses indicates the transcriptional direction of the
promoterless lacZ gene. (B) Construction of plasmids. See Table 1 and Materials and Methods for details of construction. The arrow in parentheses indicates the
transcriptional direction of the promoterless Tc" gene. “MCS” with an arrow indicates the synthetic oligonucleotide containing the 17 restriction sites in the order
Miul-BgIlI-Nhel-Clal-Styl-Spel-Xhol-Dral-EcoRV-Pvull-Smal-Stul-Nrul-Ssp1-KpnI-Ncol-BamHI. Abbreviations for restriction sites: B, BamHI; E, EcoRI; H, HindIII;
K, Kpnl; N, Notl; Nd, Ndel; P, Pstl; S, Sacl; Sa, Sall; Sp, Sphl; Sm, Smal; T, Tth1111; and X, Xbal. tnp, genes required for transposition; ori, replication origin of plasmid.

sulting plasmids, pMT6121, was used to mutagenize the P. aeruginosa chromo-
some with Tn/737KH. The donor E. coli strain, DH5a(pMT6121), and the
recipient P. aeruginosa strain, MT1, were spotted on the same place on an LB
agar plate and incubated overnight at 30°C. The mixture was suspended in LB,
and the diluted suspension was plated on LB agar containing Hg, kanamycin, and
streptomycin. The transconjugants obtained at 42°C were purified under the
same selective conditions and examined for resistance to carbenicillin and tet-
racycline.

Construction of pBend2 derivatives. Plasmid pBend2 (Fig. 1B) (22) is derived
from pBR322 by (i) deleting the EcoRV-Pvull fragment and (ii) replacing the
EcoRI-HindIII fragment with a 244-bp EcoRI-HindIII segment. This segment
contains directly repeated copies of 17 unique restriction sites separated by Xbal
and Sall sites. Plasmid pMT1288 is a pBR322 derivative carrying a Tn/722 insert
at kb 1.6 on pBR322 (50). Since Tnl722 possesses the EcoRI sites 13 bp apart
from its leftmost and rightmost ends (2), it was possible to excise the pBR322-
derived Tc" gene as a 1.6-kb EcoRI cartridge. This cartridge was blunt ended by
T4 DNA polymerase and inserted into pBend2 that had been digested with Sall
and blunt ended with T4 DNA polymerase. One of the plasmids thus obtained
was pMT5056 (Fig. 1B). Digestion of pBend2 with BarmHI followed by intramo-
lecular ligation removed, in conjunction with the Sa/l and Xbal sites, one copy of
the repeat. The PstI-Tth1111 fragment of the resulting plasmid (pMT5054) con-

taining the multiple cloning sites was next ligated to the PstI-Tth1111 fragment of
pNOT322 containing the Notl site, and the resulting plasmid was designated
pMT5059 (Fig. 1B).

Gene replacement mutagenesis. Allelic replacement mutagenesis of the P.
aeruginosa chromosome was carried out by the system of Schweizer (42) except
that the ColEl-type vector used was pMT5059 (Fig. 1B). An appropriate P.
aeruginosa-derived EcoRI fragment on pMT7072 was first subcloned into the
EcoRI on pMT5059, and the KpnI-flanked, Tc" gene cartridge was next inserted
into most of the P. aeruginosa-derived Kpnl sites on the resulting pMT5059
derivative. A 5.8-kb Notl fragment containing the mobilization cassette of
pMOBS3 (Table 1) was subsequently inserted into the NotI site on each pMT5059
derivative carrying the Tc" gene cartridge. The plasmids thus constructed were
conjugally mobilized from an E. coli strain, S17-1, to MT1, and selection for Tc"
was made on M9 glucose agar plates. The transconjugants that were resistant to
5% sucrose but sensitive to carbenicillin were chosen, and their chromosomal
DNAs were analyzed by Southern hybridization to confirm the occurrence of
gene replacement.

Biochemical assays. Secretion of pyoverdin was measured by determining
absorption spectra of the culture supernatants from the succinate minimal me-
dium-grown, stationary-phase cells (18). Before determination of the absorption
spectra, we adjusted the supernatants to pH 5.5 with acetic acid or pH 9.0 with
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FIG. 2. Absorption spectra of culture supernatants from SM9-grown cells of
strains MT1 (—), AMT22 (Flu~ mutant) (----), and AMT41 (Flu™ mutant)
(- - -+ -). Absorption spectra were determined after the culture supernatants were
adjusted to pH 9.0 (A) and pH 5.5 (B).

NaOH. To assay the B-galactosidase activity, cells were cultivated for 16 h in M9
succinate minimal medium with or without the addition of 100 wM FeCls.
Enzyme activity was determined by the method of Miller (30) and expressed as
Miller units.

RESULTS

Isolation of mutants deficient in pyoverdin production. In-
tergeneric matings between DHS5a(pMT6121) and MT1
yielded at 42°C the Hg" Km" transconjugants at frequencies of
around 8 X 107> per donor cell. More than 99% of these
transconjugants were Cb® Tc®, indicating that Tn/737KH was
inserted into the MT1 chromosome with concomitant loss of
the pME305 region. Among the 2,424 derivatives of MT1 with
Tnl737KH insertions in more than a hundred matings, 25
independent mutants (AMT22 to AMT46) that grew normally
on succinate M9 (SM9) agar plates but did not grow on
EDDA-supplemented SM9 (EDDA-SM9) agar plates were
isolated. To determine the genetic linkage between the muta-
tion and the transposon insert, the G10142 lysate prepared on
each mutant was used to transduce MT1 to Hg". In all 25
mutants except for AMT27, the Hg" marker was completely
linked to the mutant phenotype, indicating that these muta-
tions were due to the insertion of Tn/737KH.

The 24 mutants were divided into two groups on the basis of
the nonfluorescent (Flu™) or slightly fluorescent (Flu™) phe-
notype under UV excitation after growth on SM9 agar plates.
While the culture supernatants from the 20 Flu™ mutants (rep-
resented by AMT22) contained no pyoverdin at all, the culture
supernatants from the 4 Flu™ mutants, AMT39, AMT41,
AMT42, and AMT44, showed residual absorption spectra with
a peak at 400 nm (Fig. 2). There was, however, no shift of such
spectra after acidification of the supernatants. This contrasted
with the shift of absorption spectrum of the culture superna-

J. BACTERIOL.

tant from a wild-type strain, MT1, that contained the native
pyoverdin (18). It was therefore suggested that the slight flu-
orescence emitted by the four mutants on the agar plates was
not due to the native pyoverdin molecule.

All 24 mutants appeared to have defects in production of
pyoverdin but not in the step of the ferripyoverdin uptake or
later ferric ion assimilation. This was based on the observation
that addition of the culture supernatant from the SM9-grown
cells of MT1 supported normal growth of all mutants on
EDDA-SMO9 agar plates.

Cloning of chromosomal regions involved in pyoverdin pro-
duction. Tn/737KH carries a unique Sacl site at the left side of
the Km" determinant (Fig. 1A). It was therefore expected that
digestion with Sacl of the chromosome with the Tn/737KH
insertion followed by cloning of the Km" determinant into E.
coli led to isolation of the chromosomal region located at the
right side of the transposon insert. The chromosomal region
located at both sides of the insert was also expected to be
cloned by use of Kpnl because of the absence of this site in
Tnl737KH. The vector plasmid employed for this purpose was
a pBR322 derivative, pMT267 (Fig. 1B), carrying the Sacl and
Kpnl sites. Using this strategy, we cloned, in conjunction with
all or some part of the Tn/737KH sequence, the chromosomal
regions flanking all 24 insertion mutations. The presence of the
EcoRlI sites 13 bp apart from each end of Tn/737KH (Fig. 1A)
(2) was especially advantageous for delineation of the
Tnl737KH-derived region on each recombinant plasmid. The
maps of the chromosomal regions thus cloned were compared
with one another, and in some cases, more detailed compari-
son of the regions was made by Southern hybridization (data
not shown). These analyses showed that the 7 insertion muta-
tions were located in a 25.8-kb region (region A) and the
remaining 17 mutations were located in a 77.6-kb region (re-
gion B) (Fig. 3).

To clarify whether these two regions are contiguous or sep-
arated on the P. aeruginosa chromosome, an attempt to clone
the chromosomal region situating at the right side of region B
was made. Plasmid pMT7030 (Fig. 3) contained the rightmost
3.0-kb EcoRI-Sacl fragment of region B, so the Sacl site is
adjacent to the pMT267-derived EcoRlI site. This EcoRI frag-
ment was subcloned in the EcoRI site of pSUP203, the result-
ing plasmid (pMT7103) was mobilized from an E. coli strain,
S17-1, to MT1, and selection for Cb" Tc" was made. In the
transconjugants represented by AMT107, the plasmid was in-
tegrated into the chromosome by a single crossover through
homologous recombination (Fig. 4). The chromosomal DNA
prepared from AMT107 was digested with BamHI, self-li-
gated, and used to transform E. coli DH5a to recover the
plasmid carrying the Ap" determinant. The recovered plasmid,
pMT7105, possessed a contiguous 18.6-kb EcoRI-BamHI frag-
ment of the MT1 chromosome that consisted of the rightmost
3.0-kb EcoRI-Sacl fragment of region B and the leftmost
15.6-kb SacI-BamHI fragment of region A (Fig. 3). We there-
fore concluded that regions A and B are contiguous on the P.
aeruginosa chromosome, and the contiguous 103-kb region is
hereafter referred to as the pvd region.

No inserted mutations with Tn/737KH insertions were lo-
calized within a 37.7-kb segment spanning from kb 22.5 to 60.2
(Fig. 3 and Table 2). To investigate whether this DNA segment
carries some additional pvd genes, five of the six Kpnl sites in
this chromosomal segment of MT1 were subjected to insertion
of the Tc" gene cartridge by the gene replacement mutagenesis
technique described in Materials and Methods. Among the five
insertion derivatives, AMT122 and AMT123, which carry the
Tc" inserts at the Kpnl sites of kb 34.3 and 39.9, respectively,
showed no difference from MT1 in pyoverdin production. The
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FIG. 3. Physical map of the pvd region and distribution of mutations. Depicted are the map of the 103-kb pvd region (A) and a detailed portion from kb 58.9 to
93.2 (B). Abbreviations for restriction sites are the same as those described in the legend of Fig. 1 except for G (Bgl/II). The EcoRI site depicted in panel A is limited
to that at kb 74.6, and there are a unique EcoRI and two Bg/II sites in the detailed map (B). Regions A and B are located to the right and left, respectively, of the
Sacl site at kb 77.6. > and <, orientations of the Tn/737KH inserts (the transcriptional directions of the promoterless lacZ genes are right and left, respectively). The
inserts conferring the type I phenotypes to the mutant cells (see text and Table 2 for details) are represented by solid arrowheads. Solid and open squares represent
the inserts of a Tc" gene cartridge resulting in the Pvd ™ and Pvd™ phenotypes, respectively. The numerals below the symbols indicate strain names with the prefix AMT.
The arrow above the physical map in panel B indicates the transcriptional direction of the gene (24, 55). Drawn below the physical maps are representatives of the
cloned chromosomal DNA fragments. The Tn/737KH insertion mutants and the restriction sites used for construction of the pMT267-derived plasmids are as follows:
AMT22 and Kpnl for pMT7011; AMT26 and Sacl for pMT7030; AMT29 and Sacl for pMT7039; AMT35 and Kpnl for pMT7056; AMT36 and Sacl for pMT7062;
AMT38 and Sacl for pMT7067; and AMT40 and Sacl for pMT7072. See the text for construction of pMT7103 and pMT7105.

remaining three derivatives, AMT120, AMT124, and AMT125,
having the inserts at the Kpnl sites of coordinates 46.7, 48.5,
and 52.8, respectively, had no ability to produce pyoverdin.
These results indicated that at least the right one-third of the
37.7-kb segment also carries additional pvd genes.

Genetic and physical mapping of the pvd region on the
chromosome map. According to the studies by other groups (3,
18, 41, 56), the chemically induced pvd mutations have been
genetically localized at the two distinct regions on the chromo-
some map, namely, the 23- and 47-min regions (20). In this
study, we first attempted to map the pvd region by using three
R-prime plasmids derived from R68.45. Two R-prime plasmids
carrying the 23-min region of the chromosome (pNM21 and
pNM108) (43) could not complement any of the 24 mutations.
On the other hand, all the mutations were complemented by
pMT7009 that carried the wild-type alleles of the cat4 and
mtu-9002 genes located at the 46- to 48-min region, indicating
that the pvd region is located in this chromosomal region.
Zhang and Holloway (57) have constructed the physical map of
a 125-kb chromosomal region containing the cat4 gene (the
catA region), and a cosmid, pMO1983, carries the rightmost
part of the catA region. We noticed that physical map of this
part showed similarity to that of the leftmost part of the pvd
region cloned on pMT7062 (Fig. SA and C). Southern analysis
clearly revealed that the 8.5-kb Xhol fragments residing in both
plasmids were identical (Fig. 5B), and more detailed analysis
led to the conclusion that the pvd and catA regions are over-
lapped by 10 kb in size with each other (Fig. 5C).

The restriction enzyme Spel has been used for construction
of the physical map of the P. aeruginosa PAO chromosome
(21). There was no Spel site in the pvd region. Considering that

the chromosomal DNA on pMO1983 resides within the Spel-J
fragment on the physical map, we concluded that the 103-kb
pvd region is also located in this Spel fragment.

Transductional analysis of the pvd region. The two TnS5
insertion mutations gcu-2 and gcu-3, which lead to a defect in
glycine utilization, have been mapped within the catA4 region in
the order catA gcu-2 gcu-3 mtu-9002 (57). The two gcu mark-
ers, which are very closely linked with each other on the phys-
ical map, are more than 50 kb away from cat4, and pMO1983
has been shown to carry the gcu-3 but not the gcu-2 marker
(57). These facts and our data obtained by Southern analysis
(Fig. 5) suggested that the gcu-3 marker was located at the left
side of the pvd region. G101h2-mediated transduction was
therefore carried out to investigate the linkage of the pvd
mutations with the two gcu mutations as well as the cat4 and
mtu-9002 mutations (Fig. 6). The Tn/737KH-encoded Hg"
marker in the four representative pvd mutations (pvd-22, -23,
-25, and -45) was used as the positively selectable donor
marker. None of the four Hg" markers showed any linkage with
catA or mtu-9002. Only the Hg" marker in pvd-23, the leftmost
marker in the pvd region, exhibited linkage with gcu-2 and
geu-3 (8 and 18%), respectively), whereas the remaining three
Hg" markers were not cotransducible with either of the two gcu
markers. We also examined the linkage of the AMT123-loaded
Tc" marker with their flanking markers. This Tc" marker re-
vealed transductional linkage with pvd-23, -25, and -22 but not
with pvd-45, catAl, gcu-2, gcu-3, or mtu-9002. These results
clearly indicated that all of the pvd::Tnl737KH mutations are
located between gcu-3 and mtu-9002.

Transcriptional activities of the Tnl737KH insertion sites
in the pvd region. The promoterless lacZ gene in Tnl737Km
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FIG. 4. Strategy for cloning the P. aeruginosa chromosomal DNA located at
the right side of region B. The thick line represents the pPSUP203 DNA, and the
sizes of the DNA fragments are arbitrary. Abbreviations for restriction sites are
the same as those in the legend to Fig. 1. Note that the EcoRI-Sacl fragment of
region B is duplicated in the AMT107 chromosome. Mob, region required for
plasmid mobilization; ori, replication origin of plasmid.

can be expressed upon its insertion into the target gene only
when the disrupted gene is transcribed in the direction of the
reporter lacZ gene and the P-galactosidase activity corre-
sponds to the activity of the promoter located upstream of the
inserted lacZ gene (53). This feature is also retained in
Tn1737KH, and we expected that some pvd::Tn1737KH mu-
tants exhibited B-galactosidase activities that might be further
modulated in response to the ferric ion in culture media. Strain
AMT3 is an MT1 derivative with a chromosomal Tnl737KH
insert that was randomly chosen as a control strain with no
apparent defects in its iron uptake systems. The 24
pvd::'Tn1737KH mutants along with AMT3 were cultivated in
SM9 with or without the addition of 100 puM FeCl;, and the
B-galactosidase activities were measured.

On the basis of the B-galactosidase activities under iron-
limiting conditions together with the ratios of reduction of the
activities by the addition of FeCl,, 22 of the 24 pvd::Tn1737KH
mutants (except for AMT22 and AMT31) were classified into
two types, types I and II (Table 2 and Fig. 3). Type I mutants
consisted of 12 mutants showing B-galactosidase activities of
more than 512 U under iron-limiting conditions, and the ad-
dition of FeCl; resulted in reduction of the activities by more
than 7.4-fold. The typical mutants were AMT28, AMT46, and
AMT30, which expressed very high levels (>2,300 U) of B-ga-
lactosidase activity under iron-limiting conditions. Ten type II
mutants showed similarity to AMT3 in that (i) the levels of
B-galactosidase activities under iron-limiting conditions were
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TABLE 2. B-Galactosidase activities of pvd::Tnl737KH mutants

B-Galactosidase activity”

Tnl/737KH insert” At following

Strain concn of FeCly Ratio® Type
Site Orientation 0 uM 100 pM

AMT3 ND¢ ND 127 54 2.4 ND
AMT?23 13.5 R 619 66 9.4 I
AMT36 14.7 L 105 44 2.4 II
AMT35 17.9 L 123 44 2.8 II
AMT33 20.4 R 976 60 16.3 I
AMT34 20.4 R 865 93 9.3 I
AMT40 20.4 R 512 69 7.4 I
AMT24 21.7 R 570 68 8.4 I
AMT?25 22.5 R 677 55 12.3 I
AMT22 60.2 R 775 319 2.4 ND
AMT31 64.8 L 242 37 6.5 ND
AMT37 66.5 s 101 73 1.4 II
AMT26 68.8 Rs 957 93 10.3 I
AMT42 757 RS 104 40 2.6 11
AMT39 76.2 R® 84 48 1.8 II
AMT41 76.4" Rs 166 69 2.4 II
AMT44 76.4" R® 130 68 1.9 I
AMT32 71.5 L 126 54 2.3 11
AMT?28 78.0 R 2,368 247 9.6 I
AMT43 80.1 R 150 44 3.4 11
AMT46 81.4 L 3,674 165 22.3 I
AMT29 82.5 R 961 60 16.0 I
AMT38 90.2 L 176 44 4.0 II
AMT30 91.3 R® 3,932 210 18.7 I
AMT45 92.3 R 863 90 9.6 I

“The insertion site is expressed as kilobase coordinates in Fig. 3. R,
Tnl737KH in the pvd region (Fig. 3) is inserted so that the transcriptional
direction of the promoterless lacZ gene is to the right; L, Tnl/737KH is in the
opposite orientation.

> The values, in Miller units, are the means of at least two independent
experiments.

¢ The B-galactosidase activity without the addition of FeCl; divided by that
with the addition of FeCls.

4 See text for classification.

¢ ND, not determined.

/ The inserts are at pvdD in AMT37 and AMT26; at pvdE in AMT42, AMT39,
AMT41, and AMT44; and at pvd4 in AMT30.

& The transcriptional directions of the Tn/737KH-loaded lacZ gene and the
disrupted pvd gene are the same in AMT26 and AMT30 and are opposite in
AMT37, AMT42, AMT39, AMT41, and AMT44.

low (<176 U) and (ii) reduction of the activity levels by the
addition of FeCl; was not drastic (reduction by less than 4.0-
fold). Exceptions of the two types of mutants were AMT22 and
AMT31. AMT22 expressed a moderate level of B-galactosi-
dase activity (775 U) under an iron-limiting condition, and only
a 2.4-fold reduction of the activity was observed after the
addition of FeCl;. The level of B-galactosidase activity of
AMT31 under an iron-limiting condition was low (242 U), and
the addition of FeCl; resulted in reduction of the activity level
by 6.5-fold.

DISCUSSION

Tn5, the most frequently used transposon in various bacteria
(7), and its derivatives have been indicated not to be stably
maintained in P. aeruginosa chromosomes (11). In contrast,
Tn501, a Tni722-related transposon (2, 7), has been demon-
strated to be stably maintained and not to induce further un-
desirable rearrangement of the DNA regions flanking the
transposon inserts in this bacterium (46, 47). For this reason,
we employed in this study Tn/737KH to isolate the mutants of
P. aeruginosa defective in iron acquisition systems, and all the
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FIG. 5. Overlap of the pvd region with the catA region. (A) Agarose gel electrophoresis of the restricted DNA fragments of the two plasmids, pMT7062 and
pMO1983, that carry the leftmost and rightmost parts of the pvd and catA4 regions, respectively. (B) Southern hybridization of the restricted DNA fragments of the two
plasmids by use of an 8.5-kb Xhol fragment of pMT7062 as the probe (shaded box in panel C). The samples in panels A and B are as follows: lane 1, Xhol digest of
pMT7062; lane 2, Xhol digest of pMO1983; lane 3, EcoRI digest of pMT7062; and lane 4, EcoRI digest of pMO1983. The sizes (in kilobases) of the hybridized bands
are shown beside the photographs. (C) Comparison of the two plasmids. In the pMO1983 map is drawn the right part of the chromosomal catA region in conjunction
with IS27 (open box) and part of the vector plasmid pLA2917 (thick bar). The open bar above the map is the DNA segment inferred to contain the gcu-3 locus (57).
The pMT7062 map is limited to the pvd region, and the vector (pMT267) and Tnl737KH portions are omitted for simplicity. Abbreviations for restriction sites are the
same as those described in the legend to Fig. 1, except for Xh (Xhol). The EcoRI sites derived from the vector and Tn/737KH are shown in parentheses and marked
by an asterisk, respectively. The EcoRI fragments of pMO1983 and pMT7062 that were hybridized with the probe are schematically shown above and below the maps,
respectively. The 10-kb segment shared by the two plasmids is depicted by the solid bar between the two maps.

pvd::'Tnl737KH mutants also showed stability in the mutant
phenotypes and in the physical structures of the inserted trans-
posons as well as their insertion sites. An advantage of
Tnl737KH insertion mutagenesis over chemical mutagenesis
was the ability to provide the mutations with positively select-
able markers. The Hg" marker in TnZ737KH was suitable for
demonstrating the transductional linkage of a pvd mutation
with the gcu-2 and gcu-3 mutations. The Km" marker was
proven to be valuable for molecular cloning of the mutated
sites, leading to construction of the physical map of the 103-kb
pvd region. There was a 10-kb overlap between this pvd region
and the 125-kb catA region (Fig. 5). We could therefore draw
the physical map of the 46- to 47-min region of the chromo-
some with a size of 218 kb, which corresponds to 3.7% of the
5,850-kb genome (21).

The 24 (1.0%) mutants in our collection of mutants with
TnI737KH insertions were all defective in pyoverdin produc-
tion. It was anticipated that our screening would lead to iso-
lation of mutants defective in the components involved in sid-
erophore-mediated transport. The most likely reason for our
lack of success in finding such mutants might be nonrandom
manner of the insertion of the transposon into the chromo-
some. This agrees with the nonrandom manner of the Tn501
insertion into the chromosomal auxotrophic genes (46). Our
pvd mutations were clustered in the 9.0-kb (kb 13.5 to 22.5)
and 32.1-kb (kb 60.2 to 92.3) DNA segments within the 103-kb
pvd region (Fig. 3 and Table 2). It was indicated by gene

replacement mutagenesis that additional pvd genes are also
located within the 37.7-kb DNA segment that intervenes the
two clusters (Fig. 3). It is unknown at present (i) whether the
78.8-kb DNA segment between pvd-23 (in AMT23) and pvd-45
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/ pvd region
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FIG. 6. Linkage of the pvd region by G10142-mediated transduction. The
strains used were PAO1304 (gcu-2), PAO1305 (gcu-3), PAO2384 (catAl mtu-
9002), AMT22 (pvd-22), AMT23 (pvd-23), AMT25 (pvd-25), AMTA45 (pvd-45),
and AMT123. A, point mutation; [J, Tn5 insertion; @, Tn/737KH insertion; and
m, insertion of a Tc' gene cartridge. The distance (in kilobases) between the
markers is shown above the map. Combinations of the makers showing and not
showing the linkage are depicted as the arrows with solid and open arrowheads,
respectively, and the percent linkage is, in cases in which it was detected, indi-
cated above the arrow. The markers in the recipient are represented by arrow-
heads. Selections were made for Cat* or Mtu™ when PAO2384 was used as the
recipient strain and for Hg" when the mutants with Tn/737KH insertions were
used as the donor strains.
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(in AMT45) is occupied solely by the pvd genes and (ii)
whether other unidentified pvd genes are located outside of the
78.8-kb segment in the pvd region. In our preliminary experi-
ments, no housekeeping or auxotrophic genes appeared to be
located in the 103-kb pvd region, since SM9 agar plates sup-
ported growth of the mutants carrying large deletions in this
pvd region. The P. aeruginosa pvd genes show extensive and
strong homology with the pseudobactin synthesis genes from
Pseudomonas sp. strain B10 and P. putida WCS358 (41), and
such genes have been considered to occupy far more than 100
kb in size on each chromosome (26, 31). It might be feasible
that synthesis and secretion of mature pyoverdin by P. aerugi-
nosa require much longer DNA segments than the 78.8-kb
segment in the pvd region or another genetically unlinked
region. The latter situation is likely to be the case, because the
recently identified DNA fragment possibly responsible for se-
cretion of pyoverdin (36) appears, so far judged from its phys-
ical map, not to reside in the pvd region.

Visca et al. (55) and Lamont et al. (24, 29, 41) have recently
succeeded in cloning and sequencing some pvd genes of P.
aeruginosa PAO. Detailed comparison of their physical maps
with that of our pvd region revealed that their DNA segments
cover the pvd region of Fig. 3 ranging from 75.1 to 95.0 and
from 64.5 to 77.3. Some pvd::Tnl737KH mutations could be
consequently mapped in specific loci: pvd-30 (in AMT30) in
pvdA encoding L-ornithine N°-oxygenase involved in an early
step of pyoverdin synthesis that hydroxylates L-Orn to form
L-N°>-OH-Om (55); pvd-37 (in AMT37) and pvd-26 (in
AMT?26) in pvdD encoding an enzyme probably involved in a
step to form peptide moiety of pyoverdin by joining the amino
acid components in a nonribosomal manner (29); and pvd-42,
pvd-39, pvd-41, and pvd-44 (in AMT42, AMT39, AMT41, and
AMT44, in that order) in pvdE encoding a product with an
uncharacterized function (24). We found that the culture su-
pernatants from these four pvdE mutants showed absorption
spectra with residual peaks at 400 nm which were not shifted by
acidification (Fig. 2). This suggests that the pvdE mutants have
secreted a compound that might be the precursor of pyoverdin
or its degraded form. If this is the case, the pvdE product would
be involved in a later step of pyoverdin synthesis, e.g., forma-
tion of the functional domain important not only for emission
of fluorescence but also for chelation of the ferric ion.

According to the sequence data of the above-mentioned two
groups (24, 55), the transcriptional directions of the reporter
lacZ gene in pvdA30 and in pvdD26 are the same as those of
pvdA and pvdD, respectively, whereas those of the reporter
gene in pvdD37 and in the four pvdE mutations are opposite of
those of pvdD and pvdE, respectively (Fig. 3). By our classifi-
cation of the pvd::Tn1737KH mutants (Table 2), AMT30 and
AMT26 were designated type I mutants, which showed higher
levels of B-galactosidase activity under iron-limiting conditions
and a higher degree (>7.4-fold and up to 22.3-fold) of reduc-
tion of the activities after the addition of FeCl;; AMT37 and
the four pvdE mutants were designated type II mutants, which
showed lower levels of activity and a lower degree (<4.0-fold)
of reduction. It is conceivable from this correlation that (i) type
I mutants other than AMT30 and AMT26 also have the
Tnl737KH inserts in the orientations appropriate for the re-
porter gene to be expressed from the pvd promoters located
upstream of the insertion sites of the transposon and (ii) tran-
scription from many, if not all, of such promoters is repressed
by FeCl;. The levels of B-galactosidase activity of the type II
mutants under iron-rich conditions were all lower than those
under iron-limiting conditions, and a 2.6-fold reduction of the
level of activity after the addition of FeCl; was observed for a
pvdE mutant, AMT42. Taking into consideration that the tran-
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scriptional direction of the reporter gene in this mutant is
opposite of that of pvdE, a reduction ratio of up to 2.6-fold
would not reflect the repression of transcription by FeCl,. Our
measurement of the B-galactosidase activities in this study
would not be enough to rule out another possibility, that the
transcriptions at some mutated sites in the type II mutants are
not regulated by iron.

Prince et al. (39) have recently isolated a regulatory muta-
tion, fur, which led to constitutive production of pyoverdin
even in the presence of FeCl,. Our assay of the B-galactosidase
activities of the 24 pvd::Tnl1737KH mutants suggested that
there were a number of transcriptional units of the pvd genes
(Fig. 3 and Table 2). It is of interest whether (i) Fur directly
represses expression of all or many of such transcriptional units
and (i) there exists additional regulatory systems for transcrip-
tion of such units.
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