


tire lobes of the lungs or segments of lobes. The pathological
appearance of the infected areas is consistent with the stage of
red hepatization characterized by a massive exudation of red
blood cells and neutrophils filling the alveolar spaces (Fig. 1B
and C). Within these areas, tissue necrosis, thrombosis of the
blood vessels, and obstruction of small airways by lymphocytic
infiltrates were evident (Fig. 1B and C). In contrast, the PCN-
deficient phzB1 and mvfR mutant strains as well as the phzM
mutant induced a less severe pneumonia, which presented as a
bronchopneumonia, than the lobar pneumonia caused by
PA14 or PAO1 (Fig. 1B and C). The mutant strains, however,
still resulted in areas of consolidation and acute inflammation
in the lungs. These areas were patchy and spread throughout

the lungs. We detected masses of bacteria that caused necrosis,
thrombosis, and obstruction of the small airways. Abundant
fibrin deposits were also observed. These features were present
for at least 48 h. The mice were subsequently able to clear the
infection and recovered. The phzS strain caused a diffuse in-
flammatory process consistent with alveolitis (Fig. 1C). Accu-
mulation of few inflammatory cells within the alveolar walls
and spaces could be observed. There was also slight congestion
but no exudate in the alveolar spaces. No systemic spread of
bacteria to the rest of the parenchymal organs was observed.
The ability of PCN to contribute to P. aeruginosa-mediated
pneumonia arises presumably through its ability to mediate
damage through oxidation.

FIG. 1. PCN contributes to pneumonia development in adult mouse lungs. (A) PCN causes neutrophil influx and small-airway congestion.
Histological sections from 16 h postinfection are shown. (B and C) PCN-deficient P. aeruginosa mutants are less able to cause pneumonia. Adult
CD-1 mice were infected with 107 cells of PA14 and its isogenic PCN mutants, the phzB1 and mvfR mutants (B), or PAO1 and its isogenic
PCN-deficient mutants, the phzM and phzS mutants (C). Infected lungs were collected at 16 h postinfection, embedded in paraffin, sectioned,
stained with hematoxylin and eosin, and examined by light microscopy. Original magnification, �10.

TABLE 1. Phenotypes of wild-type P. aeruginosa strains PA14 and PA01 and their respective isogenic PCN mutants

Strain % PCN production Resulting adult mouse lung infectiona Reference(s)

PA14 (wild type) 100 Lobar pneumonia 2, 9, 15
phzB1 mutant 15 Mild bronchopneumonia 9
mvfR mutant �10 Mild bronchopneumonia 2
PA01 (wild type) 100 Lobar pneumonia 10
phzM mutant 0 Mild bronchopneumonia 10
phzS mutant 0 Alveolitis 10

a See the text and the legend to Fig. 1 for a more detailed description of the lung pathology studies.
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A true measure of in vivo virulence attenuation can be
demonstrated by infection with individual bacterial strains.
When infected singly with 107 bacteria, CD-1 mice were unable
to clear the wild-type strains PAO1 and PA14. By 16 h postin-
fection, the viable counts of PA14 and PAO1 increased by
�1.4 logs (Fig. 2A and B). In contrast, the viable counts of the
PCN-deficient mvfR and phzB1 mutant strains decreased by
2.83 and 3.08 logs, respectively, compared to that of wild-type
strain PA14 (Fig. 2A). Similarly, the viable counts of the PCN-
deficient phzM and phzS mutant strains were attenuated by

4.47 and 4.15 logs, respectively, compared to that of wild-type
strain PAO1 (Fig. 2B). These results suggest that full virulence
of P. aeruginosa in murine lungs requires PCN biosynthesis.

Competitive mixed-infection assays have been widely used to
assess the fitness of individual mutants versus that of their
parental strains during in vivo infection (3, 8). We assessed the
competitiveness of four PCN-deficient mutants against wild-
type strains in the lungs after 16 h. In vivo competition assays
between the wild types and individual PCN mutants were car-
ried out by infecting adult CD-1 mice (five per group) intra-
nasally with 107 cells (1:1 ratio) of wild-type PA14 and one of
its isogenic PCN mutants, either the phzB1 or mvfR mutant, or
with wild-type PAO1 and one of its isogenic PCN-deficient
mutants, either the phzM or phzS mutant. Infected lungs were
recovered 16 h after infection for bacterial load determination.
As shown in Fig. 2C, the phzB1 and mvfR mutant strains were
only 36 and 35% as competitive, respectively, as their parent
strain, PA14. The phzM and phzS mutant strains were only 18
and 25% as competitive, respectively, as their parent, PAO1,
during the competitive index infection assays.

The degree of virulence attenuation in PCN-deficient mu-
tants appeared to be more severe during single infections than
during mixed infections, suggesting that PCN-deficient strains
might have benefited from PCN secretion by the wild-type
strains during mixed infection. To test this possibility, we co-
administered PCN and PCN-deficient bacteria and investi-
gated whether exogenously supplied PCN could overcome
PCN deficiency in the mutant strains. We used 106 bacterial

FIG. 2. PCN-deficient P. aeruginosa mutants have impaired viru-
lence in an acute pneumonia model of mouse infection. (A and B)
PCN-deficient mutants of P. aeruginosa are highly attenuated in single
respiratory tract infections. CD-1 mice (six per group) were infected
intranasally with wild-type PA14 or the mvfR or phzB1 isogenic PCN-
deficient mutant (A) and with wild-type PAO1 or the phzM or phzS
isogenic PCN-deficient mutant (B). Attenuation is defined as the log10
difference in CFU between the wild type and mutant bacteria recov-
ered from lung tissue 16 h after inoculation. The means � standard
errors of results from six mice are shown. P values for results: mvfR
mutant, 0.040; phzB1 mutant, 0.036; phzM mutant, 0.003; phzS mutant,
0.013. (C) The competitive index is defined as the output ratio of the
numbers of mutant to wild-type bacteria divided by the input ratio of
the numbers of mutant to wild-type bacteria. Thus, if a mutant strain
is as competitive as its isogenic wild-type parent, a value of 1 will be
achieved, indicating that the mutant is not attenuated. The means �
standard errors of results from five mice are shown. P values for
results: phzB1 mutant, 0.002; mvfR mutant, 0.006; phzM mutant, 0.007;
phzS mutant, 0.007.

FIG. 3. Coadministration of PCN rescues the virulence of PCN-
deficient mutants in mouse lungs. CD-1 mice (five per group) were
coinstilled intranasally with 50 �g of PCN and 106 bacterial cells of
wild-type PA14 or its mvfR or phzB1 isogenic PCN-deficient mutant
(A) or with the wild-type PAO1 or its isogenic phzM or phzS PCN-
deficient mutant (B). Attenuation is defined as the log10 difference in
CFU between wild-type and mutant bacteria recovered from lung
tissue 16 h after inoculation. The means � standard errors of results
from five mice are shown. P values for results: mvfR mutant, 0.002;
phzB1 mutant, 0.167; phzM mutant, 0.618; phzS mutant, 0.876.
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cells for infection, because higher bacterial titers (i.e., 107 cells)
caused death when coadministered with 50 �g of PCN (data
not shown). As shown in Fig. 3, exogenously supplied PCN
restored virulence to the phzB1, phzM, and phzS mutants but
not to the mvfR mutant. Our results again suggest that PCN is
important for lung infection and that the primary functions of
PhzB1, PhzM, and PhzS are in PCN biosynthesis. Because
MvfR is the transcription activator for biosynthesis of quorum-
sensing molecule quinolones (2, 6), its mutation causes pleio-
tropic phenotypes, among them the decreased secretion of
multiple exoproducts (2). Thus, it is not surprising that the
exogenously supplied PCN did not rescue the loss of virulence
of this mutant strain (Fig. 3A).

We further tested the requirement for PCN biosynthesis in
P. aeruginosa virulence by using a previously described mouse
chronic lung infection model with P. aeruginosa cells entrapped
in agar beads (11). Mixed-infection assays were carried out as
described above. As shown in Fig. 4, the phzB1 and mvfR
mutant strains were only 10.8 and 4.8% as competitive, respec-
tively, as wild-type strain PA14, whereas the phzM and phzS
mutant strains were only 13.8 and 28.7% as competitive, re-
spectively, as wild-type PAO1 during mixed-infection assays in
the mouse lung.

In summary, our results provide further support to the view
that the full virulence of P. aeruginosa during airway infections
requires PCN biosynthesis and strengthen the credibility of
previous in vitro observations about PCN-mediated injuries
and killing of lung epithelial cells (1, 4, 7, 13–17, 19, 20).
Furthermore, strategies to inhibit PCN biosynthesis and to

neutralize its toxicity by antioxidant therapies may be incorpo-
rated into existing regimens for the treatment of CF.

This work was partially funded by a research grant from the Amer-
ican Lung Association to G.W.L.
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FIG. 4. PCN-deficient mutants are less competitive than wild-type
P. aeruginosa in a mouse chronic lung infection model. In vivo com-
petition assays between the wild type and individual PCN mutants
embedded in agar beads were carried out by infecting CD-1 mice (five
per group) intranasally with a 1:1 ratio of wild-type PA14 and one of
its isogenic PCN mutants, either the phzB1 or the mvfR mutant, or
PAO1 and one of its isogenic PCN-deficient mutants, either the phzM
or the phzS mutant. Infected lungs were recovered 60 h after infection
for bacterial load determination. The means � standard errors of
results from five mice are shown. P values for results: mvfR mutant, 1.9
� 10�5; phzB1 mutant, 0.002; phzM mutant, 0.007; phzS mutant, 0.007.
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