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To investigate the contribution of the TonB protein to high-affinity iron acquisition in Pseudomonas aerugi-
nosa, we constructed tonB-inactivated mutants from strain PAO1 and its derivative deficient in producing the
siderophores pyoverdin and pyochelin. The tonB mutants could not grow in a free-iron-restricted medium
prepared by apotransferrin addition, even though the medium was supplemented with each purified sid-
erophore or with a heme source (hemoglobin or hemin). The tonB inactivation was shown to make P. aeruginosa
unable to acquire iron from the transferrin with either siderophore. Introduction of a plasmid carrying the
intact tonB gene restored growth of the tonB mutant of PAO1 in the free-iron-restricted medium without any
supplements and restored growth of the tonB mutant of the siderophore-deficient derivative in the medium
supplemented with pyoverdin, pyochelin, hemoglobin, or hemin. In addition, animal experiments showed that,
in contrast to PAO1, the tonB mutant of PAO1 could not grow in vivo, such as in the muscles and lungs of
immunosuppressed mice, and could not kill any of the animals. The in vivo growth ability and lethal virulence
were also restored by introduction of the tonB-carrying plasmid in the tonB mutant. These results indicate
clearly that the intact tonB gene—and, therefore, the TonB protein encoded by it—is essential for iron
acquisition mediated by pyoverdin and pyochelin and via heme uptake in P. aeruginosa and suggest that the
TonB-dependent iron acquisition may be essential for P. aeruginosa to infect the animal host.

Iron is one of the essential elements for almost all bacteria,
and the ability of pathogenic bacteria to acquire iron in hosts
is essential for their growth and infection (7, 23). In animal
hosts, iron is usually bound to proteins such as transferrin,
lactoferrin, and ferritin and bound as heme to hemoglobin
(Hb) and various enzymes (26, 41). To utilize such complexes
as iron sources, bacteria possess some sophisticated mecha-
nisms, including an iron uptake system mediated by high-af-
finity iron chelators called siderophores and a heme uptake
system, which involve specific receptors (21, 26, 41). In these
systems of gram-negative bacteria, a cytoplasmic membrane
protein known as TonB is generally accepted to play a crucial
role.

Although the tonB gene encoding the TonB protein has
been identified in many gram-negative bacteria, the molecular
location and functions of the protein have been primarily dem-
onstrated by studies of Escherichia coli (reviewed in reference
6). The TonB protein is anchored via its N-terminal region to
and associated with ExbB and ExbD proteins in the cytoplas-
mic membrane and in large part extends to the periplasm. The
TonB protein is thought to change its conformation in re-
sponse to the electrochemical potential (proton motive force)
of the cytoplasmic membrane and thereby to interact with
outer membrane receptor proteins (gated channels) for inter-
nalizing bound ligands. By using tonB mutants, it has been
shown that uptake of iron-siderophore complexes and utiliza-
tion of iron sources found in animal hosts, including heme, Hb,
transferrin, and lactoferrin, are TonB-dependent processes in
various bacteria (4, 12, 15, 16, 18, 33). As a consequence, it is
likely that the TonB protein may contribute to the in vivo
growth and virulence of pathogenic gram-negative bacteria.

However, there are only a few reports that have addressed this
point based on experimental facts (16, 36).

Pseudomonas aeruginosa, a ubiquitous gram-negative rod, is
considered to be an important opportunistic pathogen and
highly pathogenic for individuals with compromised immunity
(5). This organism is able to acquire iron by means of sid-
erophores and to utilize heme compounds as iron sources (19,
24, 27, 34). This bacterium also possesses a homolog of the
TonB protein (29).

P. aeruginosa produces siderophores pyoverdin (Pvd) and
pyochelin (Pch) (9, 10). It can use not only them but also
heterologous siderophores, including enterobactin, to acquire
iron (11, 27). Outer membrane proteins FpvA (28), FptA (1),
and PfeA (11) were characterized as receptors for iron com-
plexes of Pvd, Pch, and enterobactin, respectively. Initially,
their TonB-dependencies in internalizing the ligands were
speculated to be based on the homology between their amino
acid sequences as deduced from the genes and those of other
known TonB-dependent receptors. Thereafter, when the tonB
gene in P. aeruginosa was identified by Poole et al. (29), it was
shown that growth of Pvd-deficient tonB mutants in an iron-
restricted medium was not observed even in the presence of
Pvd or enterobactin. This finding suggested that iron acquisi-
tion via FpvA and PfeA might be a TonB-dependent process.
Pch-mediated iron acquisition via FptA might also be a TonB-
dependent process, but it has not been shown experimentally
as yet. This point should be examined and clarified in order to
understand fully the contribution of the TonB protein to the
iron acquisition, ability to grow, and virulence of P. aeruginosa,
because Pch shows a certain impact on P. aeruginosa infections
(8, 34). In our previous study, the virulence of a Pch- and
Pvd-deficient mutant derived from wild-type strain PAO1 was
significantly attenuated in immunosuppressed mice in compar-
ison to an isogenic Pvd-deficient mutant (34), indicating the
contribution of Pch to the virulence.

In addition, it has not been established yet whether the heme
utilization in P. aeruginosa is a TonB-dependent process or not.
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Heme utilization was also suggested to play an important role
in P. aeruginosa infections (34). One of the heme uptake sys-
tems known to exist in this organism is the system mediated by
an extracellular heme-binding protein, HasA, which was iden-
tified as a homolog of that in Serratia marcescens (19). A
receptor responsible for the heme-HasA complex, HasR, in P.
aeruginosa was also recently identified (25). Moreover, another
heme uptake system in this organism was recently shown to be
expressed from the phu locus, which consisted of the PhuR
receptor gene and the phuSTUVW operon, which encodes a
typical ATP binding cassette transporter (25). Although these
receptors have also been assigned to the TonB-dependent fam-
ily (R. E. W. Hancock laboratory website [http://www.cmdr.ubc
.ca/bobh/TonBfamily.html]) based on the sequence homology
determined from the gene analysis, their TonB dependencies
have not been experimentally confirmed.

The purpose of the present study was to clarify whether iron
acquisition mediated by the siderophores Pvd and Pch and
heme utilization are TonB-dependent processes in P. aerugi-
nosa and, furthermore, whether the TonB protein would be
required for the infectivity of P. aeruginosa in the animal host.
To achieve this purpose, we constructed P. aeruginosa tonB-
inactivated mutants from wild-type strain PAO1 and its Pvd-
and Pch-deficient derivative by allelic exchange and examined
them in vitro and in vivo.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. Bacterial strains
and plasmids used in this study are listed in Table 1. The P. aeruginosa mutants
PAD08 and PAD14, plasmid pMMBD, and plasmids in the pHT series were
generated in this study as described below. E. coli strains DH5a (TOYOBO,
Tokyo, Japan) and S17-1 (32) were utilized as hosts for plasmid multiplication
and donors for conjugal transfer and mobilization of plasmids, respectively.
Media used were Luria (L) broth; Vogel-Bonner (VB) minimal medium (39),
which is selective for P. aeruginosa; and succinate minimal medium (22) contain-

ing 0.2% Casamino Acids (SMMCA; the concentration of contaminating iron in
this medium, measured with Fe-750 reagents [Eiken Chemical Co., Ltd., Tokyo,
Japan], was less than 1 mM). Solid media were prepared by addition of agar
(1.5%). Where appropriate, selective agents included in media were as follows:
ampicillin, 100 mg/ml for E. coli; tetracycline, 10 mg/ml for E. coli and 50 mg/ml
for P. aeruginosa; streptomycin, 500 mg/ml for P. aeruginosa; chloramphenicol,
200 mg/ml for P. aeruginosa; and carbenicilin, 400 mg/ml for P. aeruginosa. Unless
otherwise stated, bacteria were cultured at 37°C. For conjugal transfer and
mobilization of plasmids from E. coli to P. aeruginosa, the recipient cells were
grown overnight at 43°C (38). For iron acquisition assays and animal experi-
ments, P. aeruginosa strains were grown in SMMCA containing 10 or 40 mM
FeSO4 for 16 h, harvested by centrifugation, and suspended and incubated in
SMMCA containing 1 mM FeCl3 for an additional 4 h.

Recombinant DNA techniques. Established procedures were used for prepa-
ration of plasmids, DNA manipulation, agarose gel electrophoresis, and trans-
formation of E. coli (20). Competent cells of E. coli were prepared as described
elsewhere (30). Plasmids and DNA fragments were purified with a commercially
available kit (Prep-A-Gene DNA purification systems; Bio-Rad).

PCR and gene cloning. Bacterial chromosomal DNA was extracted with
TRIzol LS Reagent (Life Technologies) as described by the manufacturer. The
tonB gene (on a DNA fragment corresponding to base positions 5 to 1165 of
GenBank sequence U23764) was amplified from the chromosomal DNA of P.
aeruginosa strain PAO1 by PCR with synthesized primers 59-CGGAATTCGCG
GAATGATCCGCCAAGGT-39 (sense) and 59-GAAGATCTGCGCGGCTCT
TTTCGTTGTC-39 (antisense); the fragment contains 101 nucleotides upstream
of the tonB start codon to 31 nucleotides downstream of the tonB stop codon.
The 59 region of the sense primer was artificially flanked with two additional
bases, CG, plus EcoRI sequence (GAATTC), and that of the antisense primer
was artificially flanked with two additional bases, GA, plus BglII sequence (AG
ATCT). The PCR was performed under the same conditions as described pre-
viously (34) except for the addition of 10% dimethyl sulfoxide to the reaction
mixture (29) in the present case. The amplified tonB gene was separated by
agarose gel electrophoresis and purified from the gel. After digestion with EcoRI
and BglII, it was cloned into the EcoRI-BamHI site of pMT5059 (38), resulting
in pHT007. The purified tonB gene, which included the original promoter region,
was also cloned into the EcoRI-BamHI site of pMMBD which was generated
from pMMB67EH (13) by deletion of the PvuII-EcoRI fragment containing lacIq

and tac promoter, resulting in pHT014.
Construction of mutants. Allelic exchange mutagenesis of the P. aeruginosa

chromosome was carried out with a system already established (31, 34, 38). The
pMT5059 derivative carrying the tonB gene, pHT007, was digested with NaeI for
deletion of an internal part of the gene (approximately 0.3 kb); into this plasmid

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Source or
reference

Strains
Pseudomonas aeruginosa

PAO1 Prototroph
PAD06 PAO1 DpvdA::VSm/Sp 34
PAD07 PAO1 DpchD::Tc DpvdA::VSm/Sp 34
PAD08 PAO1 DtonB::Tc This study
PAD14 PAO1 DpchD::Tc DpvdA::VSm/Sp DtonB This study

Escherichia coli
DH5a recA1 endA1 gylA96 thi-1 hsdR17 supE44 D(lac)U169 (f80dlacDM15) TOYOBO
S17-1 pro thi recA hsdR Tpr Smr; chromosomally integrated RP4-2-Tc::Mu-Km::Tn7; mobilizer of

plasmids carrying the R68-derived Mob region
32

Plasmids
pMT5059 Apr; pBR322 derivative carrying multiple cloning sites and a NotI site 38
pMT5071 Kmr Cmr; pMOB3 derivative carrying NotI-flanked Mob cassette with VCm gene cartridge 37
pMT5056 Apr Tcr; pBend2 derivative carrying Tcr gene cartridge flanked with multiple restriction

enzyme sites
38

pMMB67EH Apr Cbr; multi-host range tacP expression vector 13
pMMBD Apr Cbr; pMMB67EH derivative in which PvuII-EcoRI fragment including lacIq and tac

promoter is deleted
This study

pHT007 Apr; pMT5059 carrying tonB gene in EcoRI-BamHI site This study
pHT011 Apr Tcr; pMT5059::DtonB::Tc This study
pHT018 Apr; pMT5059::DtonB This study
pHT014 Apr Cbr; pMMBD carrying tonB gene in EcoRI-BamHI site This study

a Tpr, trimethoprim resistant; Smr, streptomycin resistant; Mob, plasmid mobilization; Apr, ampicillin resistant; Kmr, kanamycin resistant; Cmr, chloramphenicol
resistant; Tcr, tetracycline resistant; Cbr, carbenicilin resistant.
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was inserted a StuI-flanked tetracycline-resistant gene cartridge (Tcr; 1.6 kb)
excised from pMT5056 (38), resulting in pHT011. An 8.5-kb NotI fragment
containing the mobilization cassette derived from pMT5071 (37) was subse-
quently inserted into the NotI site of pHT011 carrying DtonB::Tc. The plasmid
thus constructed was conjugally mobilized from E. coli strain S17-1 to P. aerugi-
nosa strain PAO1. Then, P. aeruginosa transconjugants were selected on VB agar
plates containing tetracycline. A colony of tetracycline-resistant transconjugants
was next spread onto L agar plates containing tetracycline, 5% sucrose, and 40
mM FeSO4 for selection of an allelic exchange mutant, PAD08. When chromo-
somal DNA of this mutant was subjected to PCR under the same conditions as
those for amplification of the normal tonB gene (1.2 kb), a size change was
observed in the PCR product as expected (2.5 kb), indicating that the expected
allelic exchange had successfully occurred in the mutant obtained. On the other
hand, the NaeI-digested plasmid pHT007 was subjected to self-ligation, resulting
in pHT018 carrying a partially deleted tonB gene. The mobilization cassette was
subsequently inserted into the NotI site of pHT018 carrying DtonB. The gener-
ated plasmid was, similar to that described above, introduced into the Pvd- and
Pch-deficient mutant, PAD07 (PAO1 DpchD::Tc DpvdA::VSm) (34); then,
transconjugants were selected on VB agar plates containing chloramphenicol. A
colony of chloramphenicol-resistant transconjugants was next spread onto L agar
plates containing 5% sucrose and 40 mM FeSO4. Sucrose-resistant colonies were
screened by PCR for those possessing only the tonB (0.9-kb) deletion in the
chromosomal DNA, and a positive clone was selected as an allelic exchange
mutant, PAD14. It was also confirmed by PCR under the conditions described
previously (34) that mutations in pchD and pvdA were maintained in this tonB
mutant (data not shown). The mutants generated in the present study, as well as
PAO1, were all susceptible to carbenicillin and chloramphenicol (the MICs of
carbenicillin and chloramphenicol for the mutants in SMMCA supplemented
with 40 mM FeSO4 were 64 and 16 mg/ml, respectively), indicating that the vector
plasmid which mediated the allelic exchange did not remain in the mutants.

Transformation of P. aeruginosa. P. aeruginosa strains PAD08 and PAD14
were transformed with pMMBD and pHT014 by conjugal mobilization from E.
coli strain S17-1 carrying the plasmid. P. aeruginosa transformants were selected
on L agar plates containing tetracycline, carbenicillin, and 40 mM FeSO4.

Purification of siderophores. Pvd was purified from the supernatant (2 liter) of
a 2-day culture of P. aeruginosa strain PAO1 in succinate minimal medium. The
culture supernatant was concentrated to approximately 60 ml by evaporation and
treated with ethyl acetate (60 ml). Then, the collected aqueous phase was applied
to a column (2.5 by 30 cm) of ion-exchange resin (DIAION HP20; Mitsubishi
Chemical Co., Tokyo, Japan) which had been equilibrated with distilled water.
After elution of nonbinding substances with water, the bound material was
fractionated by elution with water-ethanol (1:1). Fractions corresponding to a
major peak with absorption at 280 nm were collected and evaporated. Dried
substances were dissolved again in distilled water and lyophilized. The final
extract (ca. 140 mg) was stored as Pvd at 220°C and dissolved in distilled water
just before use. Pch was extracted and purified as described below, based on
previous reports (2, 10). The supernatant (1 liter) of an overnight culture of
PAD06, a Pvd-deficient mutant derived from strain PAO1 (34), in SMMCA
containing 1 mM FeCl3 was made acidic (pH 2 to 3) with HCl and treated with
ethyl acetate (500 ml). The organic phase was evaporated, dissolved again in a
small volume of chloroform, and applied onto a preparative silica thin-layer plate
for chromatography in chloroform-acetic acid-ethanol (19:1:1). A fluorescent
band corresponding to an Rf of 0.35 to 0.40 under UV light was scraped from the
plate, and the fluorescent substance was eluted with dichloromethane-ethanol
(1:1) and evaporated. After weighing the final extract (ca. 5 mg) as Pch, it was
dissolved again in the dichloromethane-ethanol, divided into several vials, evap-
orated again, and stored at 220°C. Pch was dissolved in ethanol just before use.
Purified Pvd and Pch were identified by analysis with 1H-nuclear magnetic
resonance and measurements of absorption spectra and specific fluorescence (2,
9, 10) (data not shown).

In vitro growth assays. Assays were performed in 96-well round-bottom plates
as described previously (34). A free-iron-restricted medium used was made by
addition of 25 mM apotransferrin (apoTsf; from bovines; Life Technologies) and
20 mM sodium bicarbonate to SMMCA containing 10 mM FeCl3. When re-
quired, the medium was supplemented with twofold serial dilution of FeSO4,
Pvd, Pch, Hb (from bovines; Sigma), or hemin (Hm) (Sigma). After inoculation
of bacteria at approximately 105 CFU/ml, assay plates were incubated without
shaking under 5% CO2 and 95% air for 20 h. Bacterial growth of the cultures was
measured as the optical density at 590 nm (OD590).

Preparation of [59Fe]transferrin. The apoTsf was dissolved at 100 mM in
nitrogen-free succinate minimal medium (nf-SMM) containing 20 mM sodium
bicarbonate, and 1 ml of the apoTsf solution was mixed with 10 ml of 59FeCl3
solution (0.257 mg/ml in 0.5 N HCl; specific activity, 13.8 mCi/mg; NEN Life
Science Products). An hour after incubation at 37°C under 5% CO2 and 95% air,
the mixture was filtered with centrifugal filter units (Ultrafree C3-LTK; nominal
molecular-weight limit, 30,000; Millipore) and [59Fe]transferrin recovered on the
filter was dissolved again in the same medium to its initial volume. This process
was repeated three times to remove free iron.

Iron acquisition assay. Bacterial suspension (approximately 109 CFU/ml in the
sodium bicarbonate-containing nf-SMM) was dispensed into wells (50 ml/well) of
a 96-well filtration plate (0.45-mm Durapore type; MultiScreen; Millipore) and
mixed with Pvd or Pch dissolved at various concentrations in the sodium bicar-

bonate-containing nf-SMM (40 ml/well). The assay was initiated by addition of
the [59Fe]transferrin solution (10 ml/well) and lasted for 1 h at 37°C under 5%
CO2 and 95% air. Bacterial cells were then harvested on the filters of the well
bottoms and washed twice with 1 mM ethylenediamine di(o-hydroxyphenylacetic
acid) solution by filtration with a vacuum system (MultiScreen filtration system
vacuum manifold; Millipore). After drying of the filters and addition of scintil-
lation cocktail (Microscint O; Packard Instrument), the radioactivity associated
with bacteria was measured as 59Fe uptake by bacteria with a scintillation counter
for multiwell plates (TopCount; Packard Instrument).

Animal experiments. Animal experiments were performed as described pre-
viously (34). Briefly, male ddY mice (5 to 6 weeks of age; Japan SLC Ltd.,
Hamamatsu, Japan), which had received intraperitoneal injections of cyclophos-
phamide (3 mg/mouse) for immunosuppression, received intramuscular or in-
tranasal inoculations with bacteria suspended in saline. At various times after the
bacterial inoculation, the muscles or lungs were collected and assayed for viable
bacteria. L agar plates supplemented with 40 mM FeSO4 were used for the
assays. In the animal studies, we followed the animal experimentation guidelines
of the Daiichi Pharmaceutical Co., Ltd., Animal Care and Use Committee.

RESULTS

Construction of P. aeruginosa tonB mutants and their de-
mand for free iron for growth. Before this study, it was re-
ported that P. aeruginosa tonB-inactivated mutants could not
be obtained from Pvd-producing strains (29). However, by an
established allelic-exchange procedure (31, 34, 38), we suc-
ceeded in generating a tonB mutant, PAD08, from the wild-
type strain PAO1 capable of producing both Pvd and Pch. In
fact, PAD08 was confirmed to produce the siderophores, when
examined as described previously (34) (data not shown). In
addition, another tonB mutant, PAD14, was constructed from
a PAO1-derived mutant, PAD07 (34), deficient in both Pvd
and Pch production. To obtain these tonB mutants, we modi-
fied the medium used for final selection; namely, we supple-
mented the L agar containing 5% sucrose with a substantial
amount of ferrous salt (40 mM FeSO4). The modification was
made on the hypothesis that, if the tonB inactivation resulted in
impairment of some high-affinity iron acquisition systems,
much iron in the medium would be needed for efficient growth
(colony formation) of the tonB mutant.

Neither of the P. aeruginosa tonB mutants obtained could
grow in a free-iron-restricted medium prepared by apoTsf ad-
dition (25 mM apoTsf in SMMCA containing 10 mM ferric
iron) (34), in which the iron was expected to exist as trans-
ferrin. The tonB mutants grew, however, when the medium was
supplemented with excess FeSO4 (more than 100 mM) (Fig. 1).
As shown previously (34) and in Fig. 1, the Pvd- and Pch-
deficient strain PAD07 hardly grew in the apoTsf-added me-
dium, but this strain fully grew in the medium supplemented
with FeSO4 at 50 mM (Fig. 1). The feature of PAD07 must be
inherited by its tonB mutant, PAD14. However, compared with
PAD07, PAD14 required more free iron for growth in the
medium (Fig. 1). Additionally, the siderophore-producing
tonB mutant PAD08 required more free iron for growth than
PAD14 did (Fig. 1). Thus, the tonB mutants showed high
demand for free iron for their growth.

Requirement of the P. aeruginosa tonB gene for siderophore-
mediated iron acquisition. The inability of the siderophore-
producing tonB mutant PAD08 to grow in the apoTsf-added
medium without excess FeSO4 (Fig. 1) suggested impairment
of iron acquisition from transferrin mediated by both Pvd and
Pch. The mutant PAD08 could not grow in the medium even
after supplementation with either purified siderophore (data
not shown). Accordingly, we examined the iron acquisition
from [59Fe]transferrin by PAD08. Iron uptake by this mutant
was not promoted in the presence of purified Pvd or Pch,
whereas the uptake by the parental strain PAO1 was promoted
in a manner dependent on increased concentrations of each
siderophore supplemented (Fig. 2), indicating that the tonB
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inactivation made P. aeruginosa unable to acquire iron with
either siderophore. On the other hand, by introduction of a
plasmid carrying the intact tonB gene (pHT014), but not by
that of the vector plasmid (pMMBD), the ability of PAD08 to
acquire iron in the presence of Pvd (Fig. 2A) and Pch (Fig. 2B)
and to grow in the apoTsf-added medium without any supple-
ments (data not shown) was restored. In contrast, the ability of
the siderophore-deficient tonB mutant PAD14 to grow in the
medium was restored neither by introduction of the tonB-
carrying plasmid nor by the siderophore supplementation to
the medium (Fig. 3A and B). However, PAD14 transformed
with the tonB-carrying plasmid [PAD14(pHT014)] grew as well
as PAD07, the parental strain of PAD14, in the medium sup-
plemented with Pvd (Fig. 3A) or Pch (Fig. 3B), depending on
increased concentrations of each siderophore. These results
indicate that the tonB gene is essential for the iron acquisition
mediated by Pvd and Pch in P. aeruginosa.

Requirement of the P. aeruginosa tonB gene for heme utili-
zation. The influence of tonB inactivation on heme utilization
in P. aeruginosa was also examined by the bacterial growth

assay. As results, even though Hb or Hm was supplemented as
a heme source into the apoTsf-added free-iron-restricted me-
dium, no growth was observed for the tonB mutants PAD08
(data not shown) and PAD14 (Fig. 3C and D). However, the
transformant of PAD14 with the tonB-carrying plasmid
[PAD14(pHT014)] grew as well as PAD07, the parental strain
of PAD14, in the presence of Hb (Fig. 3C) or Hm (Fig. 3D). It
was notable that the concentrations of the heme sources (0.5 to
2 mM) that supported fully the bacterial growth were much
lower than those of FeSO4 (more than 100 mM; Fig. 1) and
siderophores (5 to 20 mM; Fig. 3A and B). These results indi-
cate that the tonB gene is essential for the high-affinity heme
utilization in P. aeruginosa.

Requirement of the P. aeruginosa tonB gene for in vivo bac-
terial growth and virulence. Furthermore, to investigate the
contribution of the tonB gene to the infectivity of P. aeruginosa,
we inoculated wild-type strain PAO1, its tonB mutant PAD08,
and transformants of the mutant into immunosuppressed mice.
Bacterial growth was evaluated as the increase in the number
of viable cells at sites (the calf muscles or lungs) where bacteria
had been introduced. Virulence of the bacteria was assessed as
lethality in the mice. The tonB mutant PAD08, in contrast to
PAO1, did not show growth or rather showed a decrease in the
number of viable bacteria with time in both the muscles after
intramuscular inoculation (Table 2) and the lungs after intra-
nasal inoculation (Table 3). Irrespective of the inoculation
route, the tonB mutant could not kill the mice at all, whereas
PAO1 killed almost all of the animals within a day (Tables 2
and 3). Even though PAD08 was intramuscularly inoculated at
an approximately 10-fold-greater inoculum size compared with
that of PAO1, it was defective in its growth and virulence
expression (Table 2). On the other hand, by the transformation

FIG. 1. Effects of ferrous salt on growth of P. aeruginosa strain PAO1 and its
mutants in a free-iron-restricted medium, SMMCA containing 10 mM ferric iron
together with 20 mM sodium bicarbonate and 25 mM apoTsf. Bacterial growth
was measured as the OD590 of the culture 20 h after inoculation of the bacteria
at approximately 105 CFU/ml. Symbols: E, strain PAO1; F, tonB mutant of
PAO1, PAD08; ‚, Pvd- and Pch-deficient mutant of PAO1, PAD07; Œ, tonB
mutant of PAD07, PAD14; 3, no inoculum (medium control).

FIG. 2. Effects of Pvd (A) and Pch (B) on iron acquisition from [59Fe]trans-
ferrin by P. aeruginosa strain PAO1 (E), its tonB mutant PAD08 (F), and
transformants of PAD08 with a plasmid carrying the intact tonB gene (pHT014)
(Œ) or the vector plasmid (pMMBD) (‚). Iron uptake by bacteria was measured
as radioactivity (counts per minute) associated with bacterial cells after incuba-
tion for 1 h and was shown as the radioactivity corrected by dividing by the count
(CFU) of viable cells subjected to the assay. Each datum point represents the
mean 6 standard deviation (error bar) for triplicate determinations.

FIG. 3. Effects of Pvd (A), Pch (B), Hb (C), and Hm (D) on growth of P.
aeruginosa PAO1-derived Pvd- and Pch-deficient mutant PAD07 (E), its tonB
mutant PAD14 (F), and PAD14 transformed with a plasmid carrying the intact
tonB gene (pHT014) (Œ) or the vector plasmid (pMMBD) (‚) in a free-iron-
restricted medium, SMMCA containing 10 mM ferric iron together with 20 mM
sodium bicarbonate and 25 mM apoTsf. Bacterial growth was measured as the
OD590 of the culture 20 h after inoculation of the bacteria at approximately 105

CFU/ml.
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with the tonB-carrying plasmid (pHT014), PAD08 was com-
pletely restored to growth in the lungs and expression of the
lethality in the mice, but not by that with the vector plasmid
(pMMBD) (Table 3). These results indicate that the tonB gene
is required for the growth ability and virulence of P. aeruginosa
during infection in the animal host.

DISCUSSION
We clarified that the tonB gene—and, therefore, the TonB

protein encoded by it—is essential for Pch-mediated iron ac-
quisition and heme utilization in P. aeruginosa. Pvd-mediated
iron acquisition was also confirmed to be a TonB-dependent
process as reported previously (29). Furthermore, we demon-
strated the requirement of the P. aeruginosa tonB gene for
infection.

In the present study, we used two types of P. aeruginosa tonB
mutants, which were constructed by allelic exchange from wild-
type strain PAO1 and its Pvd- and Pch-deficient mutant. A
tonB mutant (PAD08) derived from a Pvd-producing strain of
P. aeruginosa (PAO1) is for the first time reported here. Our
success in obtaining such a mutant, we believe, is attributable
to our inclusion of a considerable amount of ferrous salt in the
medium for final selection. It was reported that a similar ap-
proach resulted in the successful generation of a Xanthomonas
campestris pv. campestris tonB mutant (40). As we speculated
before and confirmed after generating P. aeruginosa tonB mu-
tants, they showed increased demand for free iron for their
growth (Fig. 1). A higher free-iron demand of the Pvd- and
Pch-deficient tonB mutant PAD14, compared with the demand
of parental strain PAD07, suggests that besides iron acquisi-
tion systems mediated by Pvd an Pch, there might be another
TonB-dependent mechanism unknown but related to the iron

assimilation in P. aeruginosa. In this regard, the heme uptake
system is not included, because the medium used did not orig-
inally contain heme sources. In addition, a higher free-iron
demand of the siderophore-producing tonB mutant PAD08,
compared with the demand of PAD14, suggests that the sid-
erophore production might negatively influence the iron utili-
zation by the tonB mutant. We assume that Pvd secretion may
result in retention of some level of the free-iron-restricted
condition in the apoTsf-added medium even after ferrous salt
supplementation, for Pvd is able to bind and oxidize ferrous
ion, as reported recently (42). When a P. aeruginosa tonB
mutant, such as PAD08, senses iron restriction, the mutant
probably falls into a “dilemma” between an accelerated pro-
duction of siderophores, resulting in iron chelation, and the
inability to take up iron-siderophore complexes. This specula-
tion may explain the comparative difficulty in generating the
tonB mutant from a Pvd-producing strain, which was previously
pointed out by Poole et al. (29).

Our results showing the requirement of the tonB gene for
iron acquisition mediated by Pvd and Pch and heme utilization
in P. aeruginosa (Fig. 2 and 3) strongly support the TonB
dependency of outer membrane receptors involved in such
high-affinity iron acquisition, which has heretofore been pri-
marily speculative based on the genetic information. However,
receptor proteins FpvA and FptA, responsible for ferric Pvd
and Pch, respectively, are known to lack the amino acid se-
quence corresponding to the so-called TonB box (1, 28), which
is usually found at the N terminus of TonB-dependent receptor
proteins and has been supposed to interact with the TonB
protein in E. coli (6), whereas another receptor protein of P.
aeruginosa, PfeA for ferric enterobactin, contains the TonB
box (11). Consequently, the so-called TonB box is not thought
to be always required for the cooperation of receptors with the
TonB protein in P. aeruginosa. It is possible that the secondary
structure corresponding to the so-called TonB box, rather than
its primary sequence, might be crucial and/or that the direct
contact site of the TonB-dependent receptor with the TonB
protein might be present at regions different from the so-called
TonB box.

One of the important results obtained in the present study is
that the P. aeruginosa tonB mutant was unable to grow and
express virulence in immunosuppressed mice (Tables 2 and 3).
The findings in vivo, combined with those in vitro, imply that
TonB-dependent iron acquisition may be essential for P.
aeruginosa infection of the animal host. Earlier we demon-
strated that the production of both Pvd and Pch—and, there-
fore, iron acquisition with these siderophores—has a consid-
erable impact on the bacterial growth and virulence of P.
aeruginosa in mice (34). At the same time, based on a certain
virulence and the heme utilization ability of a Pvd- and Pch-

TABLE 2. Growth and virulence of P. aeruginosa strain PAO1 and
its tonB mutant PAD08 in immunosuppressed mice after

intramuscular inoculation

Inoculum Count of viable bacteriaa in
muscles at time (hpi):

Lethalityb

Strain Log10
CFU 16 40 64

PAO1 6.32 9.28 6 0.13 NDc ND 5/5
PAD08 6.40 4.54 6 0.09 3.63 6 0.20 3.48 6 0.42 0/5

7.40 7.39 6 0.18 6.17 6 0.40 3.94 6 0.05 0/5

a Samples were collected from three mice per group at the indicated times
(hours postinoculation [hpi]) and assayed for viable bacteria. Values are mean
log10 CFU 6 standard deviations.

b Number of dead mice at 24 h postinfection/number of mice inoculated for
observation of bacterial virulence.

c ND, not done because of the death of all mice inoculated.

TABLE 3. Growth and virulence of P. aeruginosa strain PAO1 and its tonB mutant PAD08 in immunosuppressed mice after
intramuscular inoculation

Strain inoculated
Count of viable bacteriaa in the lungs at time (hpi):

Lethalityb

1 12 36 60

PAO1 5.73 6 0.37 8.01 6 0.41 NDc ND 6/7
PAD08 6.28 6 0.09 5.33 6 0.30 ,2.50 6 0.19 ,2.30 0/7
PAD08(pMMBD) 6.42 6 0.10 5.50 6 0.23 2.69 6 0.48 ,2.30 0/7
PAD08(pHT014) 6.39 6 0.23 8.16 6 0.33 ND ND 6/7

a Samples were collected from three or five mice per group at the indicated times (hours postinoculation [hpi]) and assayed for viable bacteria. Values are mean log10
CFU 6 standard deviations. The lowest limit of bacterial detection was 2.30; the limit value was included for calculation of the mean if data were below the limit.

b Number of dead mice at 24 h postinfection/number of mice inoculated for observation of bacterial virulence.
c ND, not done because of the death of almost all mice inoculated.
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deficient mutant (PAD07), we proposed an important role of
heme uptake as non-siderophore-mediated iron acquisition in
P. aeruginosa infections (34). Our present data further support
this proposal, since the P. aeruginosa tonB mutant (PAD08)
which was defective in heme utilization in addition to the
siderophore-mediated iron acquisition was defective in exper-
imental infections. Additionally, as we have speculated on the
presence of another TonB-dependent mechanism undefined
but related to iron assimilation, it is possible that such a mech-
anism might contribute, in part, to P. aeruginosa growth in vivo.

Furthermore, it is also possible as a reason for the reduced
infectivity of the tonB mutant that the tonB inactivation might
affect some mechanisms, besides the iron acquisition system,
related to bacterial growth ability and virulence in vivo. Vita-
min B12 uptake is a well-known TonB-dependent process in E.
coli (3). In Aeromonas hydrophilia, a TonB-like protein, ExeB,
is suggested to function in an exotoxin secretion system (14). If
the TonB protein played a similar role in secretion of some
virulence factors, the tonB inactivation would attenuate bacte-
ria for the infection. For a much better understanding of the
contribution of the TonB protein to the infectivity of P. aerugi-
nosa, possible functions or roles of the protein in this organism
must be further investigated in the future.

The tonB gene of Haemophilus influenzae type b is known to
be essential for the virulence expression in infections of infant
rats induced by intraperitoneal and intranasal inoculations
(16). In this organism, the utilization of heme and transferrin-
bound iron was demonstrated to be a TonB-dependent process
(15, 16). On the other hand, as tonB inactivation did not at-
tenuate Salmonella enterica serovar Typhimurium for infection
of mice by the intraperitoneal route (36), the TonB protein is
not always required for virulence. When inoculated by the
intragastric route, the serovar Typhimurium tonB mutant was
certainly attenuated and at a disadvantage during colonization
of Peyer’s patches and mesenteric lymph nodes in mice but not
during colonization of the intestinal lumen, liver, and spleen
(36). Thus, the contribution of TonB-dependent systems to the
bacterial infection appears to vary among bacterial genera and
infection sites of the host.

Under the anaerobic conditions found in the intestine, sol-
uble ferrous iron may be available for bacteria. The Feo sys-
tem, independent of the TonB protein for its function, is
known to be responsible for ferrous iron uptake by enteric
bacteria, E. coli and serovar Typhimurium (17, 36). The pres-
ence of Feo homologs in P. aeruginosa has been recently
supposed based on the whole genome analysis (Pseudomonas
Genome Project website [http://www.pseudomonas.com/]). In
serovar Typhimurium, the feo mutation reduced an ability of
the bacterium to colonize the mouse intestine, and the double
mutation in feo and tonB resulted in further reduction of this
ability (36). Since P. aeruginosa is able to cause a variety of
infections, including intestinal disorders and intestine-derived
sepsis, in immunocompromised hosts (5, 35), it is of interest to
determine whether the TonB-dependent system contributes to
such infections by this organism. In addition, molecular and
physiological characterization of the Feo-like system in P.
aeruginosa is needed in order to advance our understanding of
the iron acquisition mechanisms in this organism and the re-
lationship between them and bacterial pathogenesis.
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ADDENDUM

While the present work was being reviewed, a paper by Zhao
and Poole (43) was published. The paper (43) showed that the
tonB1 gene, which is the same gene as the tonB gene we have
focused on in our study, was essential for heme utilization in P.
aeruginosa. This is consistent with our results.
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