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Fourteen strains of Pseudomonas aeruginosa (P. aeruginosa ATCC 15692, P. aeruginosa ATCC 27853, and
12 clinical isolates) were checked for the production of pyoverdine and for pyoverdine-mediated iron uptake.
Under iron restriction, two isolates produced undetectable amounts of pyoverdine, but all the other strains
produced a compound with physicochemical properties identical or close to those of the pyoverdine of P.
aeruginosa ATCC 15692 (strain PAO1). The pyoverdines were purified and tested for their growth-promoting
activity and for their ability to facilitate >Fe uptake in homologous experiments involving each pyoverdine and
its producing strain, as well as in heterologous systems involving all the other strains. The results of both types
of experiments suggested the existence of three specificity groups. This was confirmed by analysis of the amino
acid composition of the pyoverdines, which differed for each group. A partially purified polyclonal antiserum
raised against a major 80-kilodalton (kDa) iron-regulated outer membrane protein (IROMP) of P. aeruginosa
PAO1 recognized the 80-kDa IROMPs from P. aeruginosa PAO1 and the clinical isolates belonging to the same
group, whereas the IROMPs from the strains belonging to the two other groups were not detected. A second
antiserum raised against the P. aeruginosa ATCC 27853 80-kDa IROMP gave similar results by reacting
specifically with the 80-kDa IROMP from the strains belonging to this group. Thus, together with the already
known pyoverdine from P. aeruginosa PAO1, two new types of pyoverdines produced by strains belonging to

this species were characterized.

In response to iron depletion, many bacteria and fungi
excrete high-affinity chelators, specific for the ferric ion,
termed siderophores (23). This potentiality is particularly
important for Pseudomonas aeruginosa, since this bacte-
rium, like other pathogens, is faced with a problem of iron
availability in serum and secretions in which all iron is tightly
bound to transferrin and lactoferrin (1, 26). The type strain
P. aeruginosa ATCC 15692 (commonly designated as strain
PAO1) produces two siderophores. One is a thiazoline
derivative, pyochelin (7), which is structurally unrelated to
the second siderophore, pyoverdine, a more complex mole-
cule composed of an 8-hydroxyquinoline derivative forming
a fluorescent chromophore and an octapeptide containing
two residues of the rare amino acid 3-N-hydroxyornithine (4,
8, 27). The hydroxamate groups formed from these two
particular residues participate, together with the catecholate
group of the chromophore, in scavenging of the otherwise
unsoluble ferric ion. The importance of pyoverdine, com-
pared with pyochelin, in the removal of the transferrin-
bound iron has been demonstrated by the greatly reduced
ability of pyoverdine-deficient mutants to grow in the pres-
ence of this serum protein (2, 20). A combined effect
between pyoverdine and the P. aeruginosa elastase has also
been observed in an in vitro assay of iron exchange with
transferrin (10).

Recent studies of different species of fluorescent
pseudomonads have usually demonstrated strict strain spec-
ificity for the pyoverdine-mediated iron uptake. As a general
rule, uptake of iron(III) by a strain is facilitated by its own
pyoverdine, but not by pyoverdines produced by other
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strains (5, 11, 12, 20). This specificity correlated well with
the structural differences of the different pyoverdines, essen-
tially at the level of their amino acid composition. It is
reasonable to assume that the specificity of the pyoverdine-
mediated iron uptake is determined both by the siderophore
amino acid residues not directly involved in the iron com-
plexation and by the iron-regulated outer membrane protein
(IROMP) (28), which acts as the receptor for the ferrisidero-
phore (12). Although the P. aeruginosa ferripyoverdine
outer membrane receptor has not yet been identified, it is
probably one of the high-molecular-mass OMPs (70 to 85
kilodaltons [kDa]) induced when Pseudomonas strains are
grown in low-iron media (6, 9, 21), since the receptors for
two ferric pseudobactins (siderophores structurally related
to pyoverdines) from plant-growth-promoting fluorescent
pseudomonads have been cloned and shown to correspond
to an 85-kDa outer membrane protein (16, 17).

Previous studies that focused on clinical P. aeruginosa
isolates have revealed some heterogeneity at the level of
siderophore utilization (14). Differences in the IROMP con-
tent of other clinical isolates have also been described (6).
These observations, when analyzed in view of our recent
finding about the specificity of the pyoverdine-mediated iron
uptake system among fluorescent pseudomonads (12), sug-
gest the existence of several pyoverdine receptor systems in
strains of the same P. aeruginosa species. This heterogene-
ity and hence the inability of the pyoverdine system to be
used as a taxonomic marker are demonstrated in this paper.

MATERIALS AND METHODS

Strains and media. The different P. aeruginosa strains
used in this study were P. aeruginosa ATCC 15692 (strain
PAO1) and P. aeruginosa ATCC 27853 (type strains); clini-
cal isolates Pal, Pa2, and Pa$ (originally from the Intensive
Care Unit, St Luc Hospital, Pr G. Wauters, Brussels,
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Belgium); Pa3 (isolated from a patient with cystic fibrosis at
the same source); and Pa4, Pa6, Pa7, Pa8, Pa9, Pal0, Pall,
and Pal2 (isolated from patients with urinary tract infections
at the same source). Pal and Pa2 were chosen because they
did not produce pyoverdine. The above strains were bacte-
riophage typed at the Institut d’Hygiéne et d’Epidémiologie,
Brussels, Belgium, and confirmed to be P. aeruginosa
strains. All the strains were found to be different on the basis
of phage typing; only three strains were found to be resistant
to all the phages used: Pa2, Pa8, and Pal2. A minimal
succinate medium (19) was used throughout this study,
either unsupplemented (low-iron medium) or supplemented
with 4 mg of FeCl, per liter added as a sterile solution before
inoculation (iron-rich medium). The cultures were incubated
at 37°C with vigorous shaking (200 rpm) in 1-liter Erlenmeyer
flasks containing 500 ml of medium for large-scale purifica-
tion of pyoverdines (usually 5 liters of medium for one
preparation) or in capped tubes (180 by 18 mm) for precul-
tures.

Purification of pyoverdines. The different pyoverdines
were purified from the low-iron medium by a method previ-
ously described (19) and summarized here briefly. The
pyoverdine present in the culture supernatant was first
chelated to iron by addition of 1 ml of 2 M FeCl,. After
centrifugation, the medium was concentrated 10-fold by in
vacuo rotary evaporation and then saturated with NaCl and
the chelate was extracted once with 0.5 volume of a phenol-
chloroform mixture (1:1, wt/vol). The iron complex was then
reextracted from the organic phase with 2 volumes of ether
and 0.2 volume of distilled water. After concentration, the
aqueous phase was layered on top of a carboxymethyl
(CM)-Sephadex column (50 by 2.5 cm) equilibrated with 0.1
M pyridine-acetic acid (pH 5.0) buffer. After elution with the
same buffer, the main absorbance peak at 380 nm was
collected and treated by vigorous shaking three times with 3
volumes of 5% 8-hydroxyquinoline in chloroform to remove
iron. The free ligand was then rechromatographed on CM-
Sephadex with a gradient of 0.1 to 2.0 M pyridine-acetic acid
(pH 5.0). The main peak, corresponding to the uncomplexed
pyoverdine, was collected, lyophilized, and stored at —20°C.
Its purity was checked by Cellogel electrophoresis as men-
tioned previously (19).

Growth stimulations with the purified pyoverdines. Bacte-
ria were grown at 37°C overnight in tubes containing 7.5 ml
of succinate medium, with agitation. Samples of 1 ml were
taken, the cells were centrifuged (5 min at 10,000 X g) in
sterile Eppendorf tubes, washed, and suspended in 1 ml of
sterile saline. Then 0.1-ml volumes of the cell suspensions
were spread on petri plates containing 20 ml of succinate
medium (agar solidified, 1.5% agar) supplemented with 100
g of purified ethylenediaminedihydroxyphenyl acetic acid
(EDDHA), a potent synthetic iron chelator, per ml (24).
Filter paper disks, each impregnated with 7 pl of the
different pure pyoverdine solutions (5 mg/ml in distilled
sterile water), were then deposited on the plates. The plates
were incubated at 37°C for 24 h and then scored according to
the effects of pyoverdines on bacterial growth around the
paper disks: no stimulation (0), slight stimulation (*), or
good stimulation (+). Growth inhibition was never ob-
served.

Uptake of [*°Fe]pyoverdines. The labeling mixture was
composed of the following: 5 ul of the **FeCl, commercial
solution (20 mCi/mg; Commissariat & I’Energie Atomique,
Gif sur Yvette, France), 50 ul of a 1 mM solution of purified
pyoverdine, and 945 pl of nitrogen-free succinate medium
(the first two ingredients were added first and allowed to
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react for 10 min to ensure complete complexation of the
iron). The cells were grown in low-iron succinate medium to
the mid-exponential phase, centrifuged, washed twice with
distilled water, and suspended in nitrogen-free succinate
medium to a final Ay, of 0.3. Cell suspensions (9 ml) were
preincubated for 10 min at 30°C in 250-ml Erlenmeyer flasks
with agitation (100 rpm) before the addition of 1 ml of the
labeling mixture. Samples of 1 ml were taken at 2, 5, 10, 20,
and 30 min, rapidly filtered onto membranes (HAWP; pore
size, 0.45 pwm; Millipore Corp., Bedford, Mass.), and washed
twice with 2 ml of nitrogen-free succinate medium. Cell-
associated radioactivity was counted in a gamma counter
(Intertechnique). Separate control experiments (data not
shown) indicated that the iron concentration used was satu-
rating for the pyoverdine-mediated iron uptake system.
These assays were previously demonstrated to reflect spe-
cific, energy-dependent iron transport (12).

Determination of the amino acid composition of pyover-
dines. Approximately 10 nmol of pyoverdine (estimated from
the molar absorption coefficient found for the P. aeruginosa
PAO1 pyoverdine [8]) was hydrolyzed in 6 N HCl or 6 N HI
at 105°C under vacuum for 24 h. The hydrolysates were
analyzed on a Durrum amino acid analyzer. Norleucine and
allo-threonine (Sigma Chemical Co., St. Louis, Mo.) were
used as internal reference standards. 3-N-Hydroxyornithine
was estimated by comparing the ornithine content of HI
versus HCI hydrolysates (18).

Preparation of outer membranes. Cells were grown in
either iron-poor or iron-rich medium, and their outer mem-
branes were prepared by the method of Mizuno and
Kageyama (22). Briefly, the cells from 500-ml cultures were
resuspended after being washed in 4 ml of 10 mM sodium
phosphate buffer (pH 7.2) and disrupted by sonication. The
supernatant of a first centrifugation (10 min at 10,000 X g)
was centrifuged for 30 min at 100,000 X g, and the resulting
pellet was suspended in 4 ml of 10 mM Tris hydrochloride-2
mM MgCl, buffer (pH 7.2). After a second centrifugation for
30 min at 100,000 x g, the pellet was suspended in 5 ml of 10
mM Tris hydrochloride-2% Triton X-100 (pH 7.2) buffer,
sonicated, and incubated for 30 min at 40°C before being
subjected to a final centrifugation at 100,000 X g for 1 h. The
final pellet was washed once with a 10 mM Tris hydrochlo-
ride (pH 7.2) solution and homogenized by sonication in 2 ml
of 10 mM Tris hydrochloride (pH 6.8). The protein content
of the pure outer membrane preparations was determined by
the method of Lowry et al. (15) and analyzed by electropho-
resis on sodium dodecyl sulfate (SDS)-10% polyacrylamide
by the Laemmli procedure (13).

Immunological methods. OMPs (250 pg) from iron-starved
PAOL cells were separated by electrophoresis on an SDS—
10% polyacrylamide gel with a preparative slot. The
Coomassie blue-stained band corresponding to the major
iron deficiency-induced 80-kDa protein was sliced, crushed,
and lyophilized. Aliquots corresponding to 1/10 of the start-
ing material were powdered, suspended in 1 ml of phos-
phate-buffered saline (PBS), and injected subcutaneously
into 6-week-old female rabbits. The injections were repeated
four times at 2-week intervals. The antiserum was checked
for the presence of the iron-regulated polypeptide by West-
ern immunoblotting by the method of Towbin et al. (295).
After transfer of the OMPs from the SDS-gel to nitrocellu-
lose sheets by an 18-h electrophoresis at 20 V (4°C), the
sheets were incubated for 1 h in PBS containing 3% bovine
serum albumin, washed with PBS-0.1% Tween 80, incu-
bated for 2 h with different dilutions of the antiserum,
washed three times with PBS-Tween, and further incubated
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TABLE 1. Growth stimulation of the different P. aeruginosa strains mediated by the homologous and heterologous pyoverdines
Growth stimulation® of following strain:
Pyoverdine

source PAOL  ATCC  Pal P2 Pa3 P4 PaS  Pa6  Pa7  Pag P9  Pal0  Pall  Pal2
PAO1 + 0 0 0 0 0 + 0 0 + + + + 0
Pa$ + 0 0 0 0 * + 0 0 + + + + 0
Pa8 + 0 0 0 0 * + 0 0 + + + + 0
Pa9 + 0 + 0 0 0 + 0 0 + + + + +
Pal0 + 0 0 0 0 0 + 0 0 + + + + 0
Pall + 0 0 0 0 + + 0 0 + + + + 0
ATCC 27853 0 + + + + + 0 + + 0 0 0 0 +
Pa4 0 + + + + + 0 0 + 0 0 0 0 +
Pa7 0 + + + + + 0 + + 0 0 0 0 +
Pal2 0 + + + + + 0 0 + 0 0 0 0 +
Pa3 0 + 0 0 + 0 0 0 0 0 0 0 0 +
Pa6 0 0 + 0 0 0 0 + 0 0 0 + + +

2 Growth effects of pyoverdines were observed after 24 h of growth on EDDHA-supplemented succinate medium and are described as follows: +, strong

stimulation; *+, slight stimulation; 0, no stimulation.

for 1 h with a 1/1,000 dilution of peroxidase-labeled protein A
(Amersham International pLc). The nitrocellulose sheets
were then washed five times in PBS-Tween and twice in
PBS, and the antigenic protein bands were visualized by
incubation with the substrate 4-chloro-1-naphthol (Bio-Rad
Laboratories, Richmond, Calif.) in the presence of H,0, as
recommended by the manufacturer. The proteins of the
molecular mass standard (Bio-Rad) were visualized by a
separate incubation with an antiserum directed against phos-
phorylase b (92 kDa), ovalbumin (43 kDa), carbonic anhy-
drase (30 kDa), soybean trypsin inhibitor (21 kDa), and egg
white lysozyme (14.4 kDa).

Partial purification of the crude antiserum (10 ml) was
obtained by absorption for 18 h against a sonic extract from
PAO1 cells grown in 300 ml of succinate medium supple-
mented with 4 mg of FeCl; per liter. The supernatant of a
10-min, 10,000 X g centrifugation was considered the puri-
fied antiserum. Crude and purified antisera raised against the
80-kDa IROMP from P. aeruginosa ATCC 27853 were
obtained by the same procedure.

RESULTS

Pyoverdine production. All strains, except Pal and Pa2,
produced significant amounts of pyoverdine. Pal did not
produce any pyoverdine at 37°C, and only small quantities of
a fluorescent compound were detected when the cells were
grown at 25°C. The pyoverdines from the 12 other strains
showed chromatographic behavior very similar to that of the
PAO1 pyoverdine. The absorption spectra of the free ligand
and its iron(III) complex were in good agreement with what
is seen for the purified PAO1 pyoverdine, with a maximal
absorption at 380 nm at pH 5 for the free ligand and a
maximal absorption at 403 nm for the iron complex (8).

Growth-promoting activity of the pyoverdines. For any
given strain, a strong growth enhancement after 24 h was
observed around the paper disk impregnated with its homol-
ogous pyoverdine. The heterologous pyoverdines generally
gave two types of response: no stimulation or a strong
stimulation usually identical to that obtained in the homolo-
gous system. In a few instances, weak stimulation was also
seen; however, inhibition of growth by supplemented py-
overdines was never detected. In Table 1, the pyoverdines

giving similar patterns of growth stimulation are grouped.
Pyoverdines from P. aeruginosa PAO1, Pa$5, Pa8, Pa9, Pal0,
and Pall were interchangeable and stimulated the growth of
all these strains. Another specificity group was formed by
the pyoverdines from P. aeruginosa ATCC 27853, Pa4, Pa7,
and Pal2. Strain Pa3 produced a pyoverdine which stimu-
lated only P. aeruginosa ATCC 27853, Pal2, and itself, but
had no effect on any other strain. These results suggested
that Pa3 may belong to the same specificity group as P.
aeruginosa ATCC 27853. The isolate Pa6 was clearly dif-
ferent from the others and cannot be assigned to the two
specificity groups described. The growth of Pa6 was well
stimulated only by its own pyoverdine and by the pyover-
dine from Pa7, whereas a slight stimulation was observed
with the pyoverdine from P. aeruginosa ATCC 27853. The
only heterologous strain to be really stimulated by the
pyoverdine from Pa6 was Pal. The two pyoverdine nonpro-
ducers, Pal and Pa2, were both stimulated by pyoverdines
from the second group (P. aeruginosa ATCC 27853, Pa4,
Pa7, and Pal2).

Uptake experiments. Table 2 shows the results obtained for
uptake experiments with the [**Felpyoverdines purified from
the different strains. The levels of *°Fe incorporation at 10
min were compared. The percent incorporation with heter-
ologous combinations was calculated versus the 100% (con-
trol) level obtained in the homologous system and was found
to vary over the range of 0 to 239%. The results confirmed
the clustering into three specificity groups: the P. aeruginosa
PAO1 group (Pa$5, Pa8, Pa9, Pal0, and Pall), the P. aerugi-
nosa ATCC 27853 group (Pa3, Pa4, Pa7, and Pal2), and Pa6.
The uptake experiments also allowed unequivocal confirma-
tion of Pa3 as a member of the second specificity group. The
pyoverdine from Pa9 was a striking exception, since it was
taken up by all the bacteria to levels equal to or higher than
in the homologous system. The pyoverdine from Pa6é ap-
peared to be different from the others, as suggested by the
results of the growth stimulation studies. Strains Pal and Pa2
were not included in Table 2, since they did not produce
pyoverdines. However, the heterologous uptake studies
with Pal revealed that this strain accepted pyoverdines from
Pa6 and Pa9 only, whereas strain Pa2 incorporated iron
when it was chelated by any of the pyoverdines from the P.
aeruginosa ATCC 27853 group.
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TABLE 2. Uptake of the different [*Fe]pyoverdines by homologous or heterologous P. aeruginosa strains

% Pyoverdine uptake? by following strain:

[**Felpyoverdine

source PAOL “;‘%‘g Pa3 Pa4 Pas Pa6 Pa7 Pag Pa9 Pal0 Pall Pal2
PAO1 100 0 27 15 101 25 26 86 63 143 102 30
Pas 75 1 0 0 100 0 0 79 48 130 81 1
Pa8 73 3 17 0 109 0 4 100 50 156 96 1
Pa9 114 90 101 113 144 122 187 112 100 239 168 155
Pal0 81 9 41 0 109 0 25 103 59 100 113 34
Pall 90 0 0 0 102 0 2 98 59 206 100 2
ATCC 27853 0 100 153 114 0 0 57 0 0 1 0 87
Pa3 18 58 100 64 0 0 58 0 0 4 0 63
Pa4 1 105 217 100 0 0 99 0 0 2 0 122
Pa7 5 103 206 70 0 4 100 0 0 3 0 95
Pal2 11 94 136 72 1 0 85 4 3 15 4 100
Pa6 0 9 0 0 1 100 0 2 3 4 6 0

“ Expressed as the percentage of the uptake observed for the homologous system.

Determination of the amino acid compositions of pyover-
dines. The amino acid compositions of the different pyover-
dines confirmed the clustering in three specificity groups
(Table 3). The pyoverdines from the first group (P. aerugi-
nosa PAOL1, Pa$, Pa8, Pa9, Pal0, and Pall) demonstrated an
identical, previously determined (27) composition: two
serines, two threonines, one arginine, one lysine, and two
8-N-hydroxyornithines. The pyoverdines from the second
group, including P. aeruginosa ATCC 27853, Pa3, Pa4, Pa7,
and Pal2, were all identical in their amino acid composi-
tions: one glycine, two serines, one allo-threonine, one
ornithine, and two 3-N-hydroxyornithines. The pyoverdine
from Pa6 presented an original amino acid composition
completely different from those of the two other types of
pyoverdines. Analysis of the Pa6 pyoverdine HCI hydroly-
sate revealed the presence of only two residues, glutamic

TABLE 3. Amino acid composition of pyoverdines isolated from
the different P. aeruginosa strains

Amino acid ratio?

Strain

Gly Glu Ser Thr Arg Lys Om OHO’
PAO1 - - 1.08 1 0.63 0.53 - 1.13
Pas - - 1.1 1 0.65 0.54 - 0.88
Pa8 - - 1.04 1 0.61 0.53 - 1.25
Pa9 - - 1.03 1 0.68 0.55 - 1.03
Pal0 - - 1.04 1 0.67 0.56 - 1.03
Pall - - 113 1 0.60 0.51 - 1.26
ATCC 1.15 - 190 1° - - 1.05 1.9

27853

Pa3 1.18 - 1.89 1° - - 1.09 2.06
Pa4 1.13 - 1.81 1° - - 1.27 2.25
Pa7 1.07 - 1.87 1° - - 0.89 1.68
Pal2 1.07 - 1.80 1¢ - - 1.13 1.83
Paé6 0.89 1.90 - - - - - 1

“ The values refer to the analysis of the HCI hydrolysates of the pyover-
dines, except for their 8-N-hydroxyornithine content and the amino acids of
pyoverdine from strain Pa6, which were calculated according to the HI
hydrolysate analysis. Values are normalized to the threonine content, except
for Pa6 pyoverdine, which was normalized to the 3-N-hydroxyornithine
content.

b The values refer to the ornithine content of the HI hydrolysates minus the
ornithine content of the HCI hydrolysates. OHO, 8-N-Hydroxyornithine.

¢ allo-Threonine.

acid and glycine, roughly in a ratio of 2:1. The HI hydrolysis
results showed the presence of these two residues in the
same ratio, together with ornithine in roughly the same
amount as glycine. The complexation of iron(III) requires
two residues of hydroxyamino acid. By comparison with the
structures of other pyoverdines (12), these results suggested
that the peptide moiety of the Pa6 pyoverdine is composed of
two glycines, four glutamic acids, and two 3-N-hydroxyor-
nithines.

IROMPs. Outer membranes from the different strains
grown in iron-poor succinate medium presented very similar
protein profiles to those of P. aeruginosa PAO1. Two major
IROMP bands with apparent molecular masses of approxi-
mately 80 and 70 kDa were visualized for all the strains,
together with a less pronounced IROMP band (ca. 74 kDa),
which appeared to be absent for strains Pal, Pa2, Pa3, and
Pad. The other major OMPs not regulated by iron were the
same as those found for P. aeruginosa PAO1, with apparent
molecular masses of 33, 41, and 45 kDa. The 45-kDa protein
was absent or appeared as a minor band in a few clinical
strains, i.e., Pa6, Pa8, and Pall.

This apparent similarity of IROMP patterns between all
these strains, based on SDS-polyacrylamide gel electropho-
resis migration, was contradicted by an analysis of their
immunological reactivities with an anti-80-kDa PAO1-
IROMP antiserum. After absorption of this antiserum
against outer membranes from iron-replete PAO1 cells, a
specific reaction was obtained with only the 80-kDa IROMP
in Western blots (manuscript in preparation). When the
outer membranes from the different strains were similarly
tested with the absorbed antiserum, a similar band of 80 kDa
was strongly revealed for all the strains belonging to the P.
aeruginosa PAO1 group (Pa$S, Pa8, Pa9, Pal0, and Pall),
whereas a slight band was revealed for P. aeruginosa ATCC
27853 and Pal2, two strains belonging to the second speci-
ficity group (Fig. 1). No band was detected with the other
isolates. Conversely, when all the strains were tested with a
similarly absorbed antiserum raised against the 80-kDa
IROMP from P. aeruginosa ATCC 27853, all the isolates
belonging to this group (P. aeruginosa ATCC 27853, Pa3,
Pa4, Pa7, and Pal2) reacted positively, whereas the others
did not react, except the nonproducer strain Pa2 (Fig. 2). It
should be emphasized that strain Pa6 (third specificity
group), together with strain Pal, the only heterologous strain
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FIG. 1. Western blot of OMP preparations from the different P.
aeruginosa strains grown under iron-deficient conditions, electro-
phoresed on SDS-10% polyacrylamide gels, and incubated with the
purified antiserum raised against the 80-kDa IROMP of P. aerugi-
nosa PAOL1. Lane A contains strain PAO1, lane B contains strain
ATCC 27853, and lanes 1 to 12 correspond to the different clinical
isolates (Pal to Pal2, respectively).

to accept pyoverdine from Pa6, did not react with either of
these two antisera (Fig. 1 and Fig. 2).

DISCUSSION

As revealed from pyoverdine-mediated *°Fe uptake stud-
ies and cross-feeding experiments, it was possible to cluster
the 12 different pyoverdine-producing P. aeruginosa strains
into three groups. The clinical isolates PaS, Pa8, Pa9, Pal0,
and Pall cross-reacted in both types of experiments only
with the type strain P. aeruginosa ATCC 15692 (PAO1
strain), whereas clinical isolates Pa3, Pa4, Pa7, and Pal2
shared features specifically with the other type strain, P.
aeruginosa ATCC 27853. The clinical isolate Pa6 was dis-
tinct from both type strain groups and was recognized as the
only representative of the third group. Two other clinical
isolates, strains Pal and Pa2, which did not produce pyover-
dine (a feature frequently observed by medical microbiolo-
gists [G. Wauters, personal communication]) or, at least,
produced it at a level too low to be isolated and purified,
were included in some of these studies. The heterologous
pyoverdine-mediated uptake or cross-feeding experiments
performed with these strains suggested an identity of strain
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FIG. 2. Western blot of OMP preparations from the different P.
aeruginosa strains grown under iron-deficient conditions, electro-
phoresed on SDS-10% polyacrylamide gels, and incubated with the
purified antiserum raised against the 80-kDa IROMP of P. aerugi-
nosa ATCC 27853. Lanes are as in Fig. 1.
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Pal with strain Pa6, whereas strain Pa2 cross-reacted pref-
erentially with the P. aeruginosa ATCC 27853 group. Such
results indicated that these supposedly pyoverdine-negative
strains still possess a recognition capacity for some pyover-
dines and are able to incorporate iron through a pyoverdine-
mediated iron uptake system. Perhaps these strains are
stable spontaneous mutants of fluorescent P. aeruginosa
affected in the biosynthetic pathway of pyoverdine rather
than strains lacking all the genetic system involved in the
pyoverdine-mediated iron uptake. Another possibility is that
these strains, originally devoid of pyoverdine biosynthesis
and uptake capacity, might have acquired outer membrane
receptors for pyoverdine through genetic exchange. We
recently analyzed the relationships existing at the level of the
pyoverdine-mediated iron uptake among several pyover-
dine-producing strains belonging to different Pseudomonas
species (12). It was established that the pyoverdines pro-
duced by these strains differed from each other in their
amino acid compositions. This difference in siderophore
structure usually resulted in a strict strain specificity of the
system, one strain being able to incorporate iron only when
it was chelated by its own pyoverdine. However, exceptions
to this rule were found; for example, heterologous uptake
was effective between P. aeruginosa PAO1 and P. chloro-
raphis ATCC 9446 (or P. fluorescens ATCC 13525) and their
respective pyoverdines. These pyoverdines shared some
homology at the level of the primary structure of their
peptide moiety; such results suggest that the recognition
mechanism between pyoverdines and their respective outer
membrane receptors involves only part of this peptide (12).

In the present study, the strong relationship between
structure and specificity is again verified, since we have
determined that the three specificity groups consist of bac-
teria synthesizing different pyoverdines. Pyoverdines from
the clinical isolates PaS, Pa8, Pa9, Pal0, and Pall had the
same amino acid composition as the previously established
P. aeruginosa PAO1 pyoverdine (27) (Table 3), whereas the
pyoverdines from the other strains had a different amino acid
composition. All the pyoverdines from strains belonging to
the P. aeruginosa ATCC 27853 group shared with the P.
aeruginosa PAO1 group the two serine residues together
with the two 8-N-hydroxyornithine residues involved in the
iron complexation. However, they were characterized by
one glycine and one ornithine residue replacing the two basic
amino acids (Arg and Lys) present in the PAO1 pyoverdine.
The peptide moiety of this newly described pyoverdine was
composed of seven amino acids, one allo-threonine being
involved instead of two threonines for the PAO1 pyoverdine,
which is an octapeptide. The third specificity group, recog-
nized by the cross-feeding and uptake experiments and
containing only one pyoverdine-producing strain, Pa6, dif-
fered from the two others in amino acid content; only two
different amino acids were recognized, together with the two
3-N-hydroxyornithine residues: glutamic acid (four residues)
and glycine (two residues). Among all the pyoverdines
analyzed so far (about twenty), the Pa6 pyoverdine appears
to be the most homogeneous in its peptide moiety.

Despite these differences in amino acid composition, the
three P. aeruginosa pyoverdines presented identical physi-
cochemical characteristics; this observation favors an iden-
tical chromophore for all of them, a feature verified for all
pyoverdines analyzed so far. No differences were found
between strains in their ability to grow in the presence of the
strong iron chelator EDDHA, nor was there inhibition of
growth during the cross-feeding experiments. Such results
suggest similar stability constants of the iron(III) complexes
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of these three pyoverdines. In general, the data from uptake
experiments reaffirmed the grouping in three categories, as
revealed by the amino acid analysis. The only exception was
with the Pa9 strain, whose pyoverdine was taken up by all of
the strains. Although its amino acid composition and growth
stimulation properties clearly suggested its association with
the PAO1 group, this pyoverdine apparently promoted the
entry of iron in all strains tested. More investigations on the
structure and properties of this pyoverdine are needed to
determine whether this surprising result could be due to
nonspecific interactions between its iron complex and bac-
terial membranes. Additional discrepancies appeared at the
level of the cross-feeding experiments. For instance, the
pyoverdine of strain Pa3, which, by its amino acid content,
belongs to the P. aeruginosa ATCC 27853 group, stimulated
the growth of some of the strains belonging to this group
(Pa3, ATCC 27853, and Pal2) but, surprisingly, did not
stimulate the growth of Pa4 and Pa7. The uptake experi-
ments (Table 2) show clearly that the Pa3 [*°Felpyoverdine
is taken up somewhat less efficiently in heterologous systems
(only 60% of the homologous value) than the other
[**Felpyoverdines of the same specificity group. These re-
sults (growth promotion and uptake) suggest that the Pa3
pyoverdine could structurally differ from the other pyover-
dines with the same amino acid composition (ATCC 27853,
Pa4, Pa7, and Pal2), maybe in the stereochemistry of the
peptide chain. Other examples of discrepancies concern
strain Pal, whose growth was stimulated by pyoverdines
belonging to the three groups, or strain Pa4, which cross-
reacted slightly in some assays involving pyoverdines of the
P. aeruginosa PAO1 group (Pa5, Pa8, and Pall). These
discrepancies illustrate well the precariousness of making
conclusions on the basis of cross-feeding data only. We
discussed this point in a previous paper (12) by pointing out
that differences in the affinity for iron or in the rate of
biosynthesis and excretion between the different sidero-
phores (endogenous and exogenous) could interfere with the
recognition specificity. Another important factor is the iron
requirement of the cells, which can vary from one strain to
another (20). In our previous paper, we confirmed the
cross-feeding results with uptake experiments and binding
capacity studies of the labeled iron-pyoverdine complexes to
purified outer membranes of the different strains. In the
present study, uptake and immunological experiments per-
mitted us to define more precisely the preliminary results of
cross-feeding. The recognition patterns of the partially puri-
fied antisera raised against the major IROMP of each of the
type strains reflect perfectly the specificity displayed by the
different pyoverdines, since similar 80-kDa antigenic poly-
peptides were revealed for P. aeruginosa PAO1, Pa5, Pa8,
Pa9, Pal0, and Pall by the P. aeruginosa PAO] antiserum,
whereas the P. aeruginosa ATCC 27853 antiserum revealed
a similar 80-kDa protein exclusively in the strains belonging
to the second group (P. aeruginosa ATCC 27853, Pa2, Pa3,
Pa4, Pa7, and Pal2). Thus, this immunological procedure
provides a powerful, easy method for determining pyover-
dine-related specificity of a P. aeruginosa strain. This is
exemplified by the result obtained with strain Pa2, which can
be classified in the P. aeruginosa ATCC 27853 group,
although it did not itself produce detectable amounts of
pyoverdine. For the same reason, strain Pal should belong
to the Pa6 group or to a yet unidentified group.

When grown under iron-deficient conditions, all the
strains tested exhibited induction of more than one OMP (6,
21). The presence of only one major band on Western blots
(Fig. 1 and 2) suggests that this plurality corresponds effec-
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tively to different polypeptides and not to different forms or
degradation products of a unique OMP. Evidence that the
major 80-kDa protein plays the role of ferripyoverdine
receptor at the level of the outer membrane was recently
obtained in our laboratory (manuscript in preparation). The
fact that only one IROMP can be ascertained to be the
receptor for pyoverdine raises the question of the role of the
other IROMPs as receptors for as yet unidentified endoge-
nous or exogenous siderophores, as is already well estab-
lished for Escherichia coli (3). Concerning the pyoverdine
receptors, it is surprising that two proteins having the same
apparent molecular mass and biological properties could
belong to two different pyoverdine-related specificity groups
but present so few immunological cross-reactions. The clon-
ing of the genes for different pyoverdine receptors and a
comparison of their sequences should resolve this problem
at a molecular level. It would be interesting to extend this
study to a larger number of clinical isolates of P. aeruginosa
by including the antiserum against the pyoverdine receptor
of Pa6 to screen for the existence of more specificity groups
in this species.
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