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Quinolone resistance gene nqr-T91 in a clinical isolate of Pseudomonas aeruginosa P1481 was cotransducible
with catA1 in P. aeruginosa PAO. The nqr-T91 transductant, PKH-T91, was resistant to norfloxacin, imipenem,
and chloramphenicol and showed less norfloxacin accumulation than the parent strain did. Loss of the 46-kDa
outer membrane protein (D2) and an increase in the 50-kDa outer membrane protein in PKH-T91 were
observed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lipopolysaccharides in the transduc-
tant were also changed. These alterations were considered to be related to lower levels of norfloxacin accu-
mulation in PKH-T91. These genetic and biochemical properties suggested that an nfxC type of quinolone-
resistant mutation occurred in a clinical isolate of P. aeruginosa P1481.

New quinolones have potent in vitro antimicrobial activities
and are therapeutically effective against gram-positive and
gram-negative bacterial infections, including Pseudomonas
aeruginosa infection. Recently, quinolone-resistant clinical iso-
lates of P. aeruginosa have emerged because of greater and
wider clinical usage of new quinolones (1, 9, 18, 31).
Quinolone resistance in bacteria can be attributed to two

mechanisms, (i) alteration of DNA gyrase and (ii) alteration of
membrane permeability. These mechanisms have also been
found in P. aeruginosa. Four chromosomal mutations, nfxA
(nalA), nfxB, nfxC, and nalB (cfxB), that confer quinolone
resistance have been identified and mapped on the P. aerugi-
nosa PAO chromosome (10, 14, 28, 30). The nfxA and nalA
genes are alleles of gyrA that encode DNA gyrase subunit A,
while the other genes are associated with the membrane per-
meability of new quinolones. In clinical isolates of P. aerugi-
nosa, alteration of DNA gyrase or membrane permeability has
been reported to be one of the quinolone resistance mecha-
nisms (6, 8, 17, 22, 25, 29, 34).
We previously reported on the mechanism of quinolone

resistance in a clinical strain of P. aeruginosa P1481 (2) that
had been isolated from the urine of a patient treated with
norfloxacin in a Japanese hospital and had shown high-level
quinolone resistance. The quinolone resistance gene of P1481,
nqr-T81, has been reported to be cotransducible with eda (hex)-
9001, which is known to be cotransducible with nfxA (gyrA), on
the P. aeruginosa PAO chromosome (2). DNA gyrase subunit
A purified from P1481 showed resistance to quinolones (2).
Thus, quinolone resistance in P1481 was associated with an
alteration of DNA gyrase. However, P1481 showed less sus-
ceptibility to new quinolones than the gyrA mutant did (2). It
was difficult to attribute the high level of quinolone resistance
in this strain only to alteration of DNA gyrase. In this study, we
examined the quinolone resistance mechanisms in P1481 in
addition to alteration of DNA gyrase (gyrA mutation).
Table 1 shows the antimicrobial susceptibilities of P1481 and

the other strains used in this study. Antimicrobial susceptibility
(MIC) was measured by an agar dilution method with Mueller-
Hinton agar (Difco Laboratories, Detroit, Mich.) (13). Cipro-
floxacin, fleroxacin, norfloxacin, and ofloxacin were synthesized at
the Central Research Laboratories of Kyorin Pharmaceutical
Co., Ltd. Chloramphenicol and gentamicin were purchased
from Sigma Chemical Co., St. Louis, Mo. Carbenicillin and
imipenem were purchased from Fujisawa Pharmaceutical Co.,
Ltd., and Banyu Pharmaceutical Co., Ltd., Tokyo, Japan, re-
spectively.
Quinolone-resistant strain P1481 also showed cross-resis-

tance to imipenem and chloramphenicol. Plasmid pPAW207,
which carried the wild-type Escherichia coli gyrA gene (34), was
introduced into P1481 by a transformation technique described
previously (21). With the introduction of pPAW207, P1481
partially lost its resistance to norfloxacin; that is, the MICs of
norfloxacin against P1481 and its transformant were 50 and
12.5 mg/ml, respectively. This indicated that the gyrA mutation
in P1481 was restored by pPAW207. However, the transfor-
mant of P1481 was still resistant to norfloxacin compared with
PAO 4032, a quinolone-susceptible strain of P. aeruginosa
(MIC of norfloxacin, 0.39 mg/ml). These findings indicated that
a quinolone resistance mutation in addition to the one in gyrA
occurred in P1481.
We previously reported that an nfxC quinolone-resistant

mutant of P. aeruginosa PAO also showed cross-resistance to
imipenem and chloramphenicol and that the nfxC gene was
cotransducible with catA1 (10). Thus, transduction analysis of
a quinolone resistance gene other than gyrA in P1481 was
performed. Transduction with phage G101 was carried out by
the method of Matsumoto et al. (24). P. aeruginosa PAO 4032
(met-9020 catA1 [23] nar-9011 mtu-9002 tyu-9030 dcu-9013)
was used as the recipient strain. Ninety-four catA11 transduc-
tants were obtained. All of these transductants were resistant
to norfloxacin. The quinolone resistance gene in P1481, nqr-
T91, was cotransducible with catA1 (100% linkage). Additional
control experiments indicated that the acquisition of catA1

itself was not responsible for conferring the NfxC resistance
phenotype. Table 1 shows the antimicrobial susceptibilities of
the representative transductant, designated PKH-T91. The
susceptibilities of PKH-T91 to new quinolones were 16- to
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32-fold lower than those of the parent strain, PAO 4032. PKH-
T91 was also cross-resistant to imipenem and chloramphenicol
as the nfxC mutant of P. aeruginosa PAO. These findings sug-
gested that the nfxC-type quinolone-resistant mutation might
occur in P1481.
The nfxC mutation in P. aeruginosa PAO was an imperme-

ability-type quinolone-resistant mutation (10). The accumula-
tion of norfloxacin in bacterial cells was studied after exposure
to 10 mg of norfloxacin per ml for 20 min at 378C as described
previously (14). The accumulations of norfloxacin were 307
and 141 ng/mg of dry cells of PAO 4032 and PKH-T91, respec-
tively. PKH-T91 showed about a twofold reduction in the ac-
cumulation of norfloxacin compared with that of PAO 4032.
This nfxC-type norfloxacin resistance in P1481 was caused by
lower accumulation of this drug.
Quinolone accumulation in bacterial cells is defined by two

factors, influx and efflux of the drug. Recently, the quinolone
efflux systems in some bacteria were studied (16, 33). Thus,
norfloxacin accumulation was measured in the presence of 250
mM carbonyl cyanide m-chlorophenylhydrazone (CCCP) as
described previously (4). By treatment with CCCP 5 min be-
fore exposure to norfloxacin, the accumulations in PAO 4032
and PKH-T91 increased to 350 and 281 ng/mg of dry cells,
respectively. The accumulation in PAO 4032 was slightly in-
creased, and the accumulation in PKH-T91 was about twofold
higher than that in the absence of CCCP. The accumulation of
norfloxacin in PKH-T91 was more affected by treatment with
CCCP than that in PAO 4032. These findings suggest that an
energy-dependent quinolone efflux system might contribute to

lower norfloxacin accumulation in PKH-T91. However, the
accumulation of norfloxacin in PKH-T91 in the presence of
CCCP was still lower than that in PAO 4032. This suggests that
quinolone influx is also associated with lower norfloxacin ac-
cumulation in PKH-T91. In PKH-T91, reduced norfloxacin
accumulation might result from the interaction of influx and
active efflux, as described for a marR mutant of E. coli (7).
In quinolone-resistant P. aeruginosa strains, alterations of

outer membrane components (outer membrane proteins
[OMPs] and lipopolysaccharides [LPSs]) have been reported
(4–6, 8, 10, 12, 14, 20, 22, 25, 26). We have also reported a
decrease for the 46-kDa OMP, D2 protein, and an increase for
the 50-kDa OMP in an nfxCmutant of P. aeruginosa PAO (10).
Therefore, outer membrane fractions of P1481, PAO 4032,
and PKH-T91, its nqr-T91 transductant, were analyzed by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (11,
15, 19). OMPs were prepared by the methods of Poxton et al.
(27). Figure 1A shows these OMP profiles. In P1481, the 46-
kDa OMP was not detected, but large amounts of the 50-kDa
OMP appeared. The same changes in OMPs were observed in
PKH-T91 as in the parent strain. The OMP profiles revealed
the occurrence of nfxC-like alterations in strains P1481 and
PKH-T91. LPSs were prepared by the method of Hitchcock
and Brown (15). Figure 1B shows the ladder patterns of LPSs.
There were changes in the ladder patterns of LPSs between
quinolone-resistant strains and the quinolone-susceptible
strain. This suggests that changes in OMPs and/or LPSs might
be associated with lower accumulations of norfloxacin in quin-
olone-resistant strains.
The 46-kDa OMP (D2 protein) is known to play an impor-

tant role in the outer membrane permeability of carbapenems,
including imipenem (32). Loss of the 46-kDa OMP might cor-
relate with the decrease in imipenem permeation across the
outer membranes of P1481 and PKH-T91. Michéa-Hamzeh-
pour et al. indicated that quinolone-resistant P. aeruginosa
strains with cross-resistance to imipenem had less D2 protein
and hypothesized that fluoroquinolones also permeated
through D2 protein in P. aeruginosa (25, 26). We have obtained
spontaneous imipenem-resistant mutants of P. aeruginosa
PAO. Although these strains had no D2 OMP, they showed no
cross-resistance to new quinolones (data not shown). Further-

TABLE 1. Antimicrobial susceptibilities of the strains
used in this study

Strain Antimicrobial agent MIC
(mg/ml)

P1481 Norfloxacin 50
Fleroxacin 50
Ofloxacin 50
Ciprofloxacin 12.5
Carbenicillin 12.5
Imipenem 6.25
Chloramphenicol .200
Gentamicin 3.13

P1481(pPAW207) Norfloxacin 12.5
Fleroxacin 12.5
Ofloxacin 12.5
Ciprofloxacin 3.13
Carbenicillin .100
Imipenem 6.25
Chloramphenicol .200
Gentamicin 3.13

PAO 4032 Norfloxacin 0.39
Fleroxacin 0.39
Ofloxacin 0.78
Ciprofloxacin 0.10
Carbenicillin 50
Imipenem 0.78
Chloramphenicol 25
Gentamicin 6.25

PKH-T91 Norfloxacin 6.25
Fleroxacin 12.5
Ofloxacin 6.25
Ciprofloxacin 1.56
Carbenicillin 50
Imipenem 6.25
Chloramphenicol .200
Gentamicin 6.25

FIG. 1. Outer membrane fraction profiles of P1481, PAO 4032, and PKH-
T91, the nqr-T91 transductant. (A) OMP profiles. Lanes: 1, P1481 (a quinolone-
resistant clinical isolate); 2, PAO 4032 (a quinolone-susceptible strain); 3, PKH-
T91 (a quinolone-resistant nqr-T91 transductant). Phospholipase B (92.5 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), and carbonic anhydrase
(31 kDa) were used as molecular mass standards. (B) LPS profiles. Lanes: 1,
P1481; 2, PAO 4032; 3, PKH-T91.
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more, some reports suggested that an increase or appearance
of specific OMPs played an important role in the decrease of
quinolone accumulation in quinolone-resistant strains of P.
aeruginosa (4, 10, 12, 14). Therefore, norfloxacin permeation
across the outer membrane was considered to be little affected
by loss of the 46-kDa OMP alone. Thus, quinolone accumula-
tion in P1481 and PKH-T91 might be affected by increases in
the 50-kDa OMP and/or changes in LPSs.
We have shown that the nfxB-type quinolone resistance

mechanism exists in clinical isolates of P. aeruginosa (17). Au-
bert et al. reported the development of a possible NfxC phe-
notype (resistance to quinolone and imipenem) in a clinical
isolate of P. aeruginosa from a patient after treatment with
quinolone only (3). However, we provide for the first time both
genetic and biochemical lines of evidence for the occurrence of
nfxC-type quinolone resistance mutations in clinical isolates of
P. aeruginosa. Alterations of both DNA gyrase (2) and mem-
brane permeability were related to the high level of quinolone
resistance in a clinical isolate of P. aeruginosa P1481.

We thank H. Matsumoto for providing P. aeruginosa PAO and H.
Yoshida for providing plasmid pPAW207.
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