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A new type of norfloxacin-resistant mutant of Pseudomonas aeruginosa PAO was isolated. This mutant
showed cross resistance to imipenem and chloramphenicol and hypersusceptibility to ,-lactam and aminogly-
coside antibiotics. The new norfloxacin resistance gene nfxC was mapped near catA (46 min) on the PAO
chromosome. Norfloxacin accumulation was decreased in the nfxC mutant; furthermore, the rate of imipenem
diffusion through the outer membrane of the nfxC mutant was lower than that of the parent strain. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of outer membrane proteins showed a decrease of a

46-kilodalton protein and an increase of a 50-kilodalton protein in the nfxC mutant. We conclude the nfxC is
a new norfloxacin resistance gene that affects outer membrane permeability to quinolones and other anti-
microbial agents.

Quinolone resistance in gram-negative bacteria involves
alterations in DNA gyrase and in the likely permeability of
the outer cell membrane. Altered DNA gyrases have been
reported in quinolone-resistant strains such as Escherichia
coli, Citrobacter freundii, Pseudomonas aeruginosa, and
Serratia marcescens (1, 2, 5, 6, 14, 15, 28). In E. coli,
alteration in cell membrane permeability to quinolones was

found to be associated with a decrease in the OmpF porin
protein. Such a quinolone-resistant E. coli strain showed
cross resistance to unrelated antimicrobial agents such as

chloramphenicol and cefoxitin (11, 14). Similar resistance
mechanisms were found in other members of the family
Enterobacteriaceae, such as C. freundii, Klebsiella pneumo-
niae, and S. marcescens (1, 7, 10, 27).

In studying the mechanisms of resistance to norfloxacin in
P. aeruginosa PAO strain, we isolated two norfloxacin-
resistant mutations (nfxA and nfxB) (12). The nfxA gene was

shown to be an allele of nalA that encoded the A subunit of
DNA gyrase, which is a target enzyme of quinolones. nfxB is
a novel mutation that has an alteration in its outer membrane
permeability to quinolones, and its resistance is associated
with the appearance of a 54-kilodalton (kDa) outer mem-

brane protein. The nfxB mutant is characteristic in that it
shows hypersusceptibility to B-lactam and aminoglycoside
antibiotics. It has also been reported that other quinolone-
resistant mutants (nalB and cfxB) whose cell permeabilities
are affected show cross resistance to carbenicillin, chloram-
phenicol, and tetracycline (25, 26).
More recently, we isolated a new type of spontaneous

norfloxacin-resistant mutant of a P. aeruginosa PAO strain.
This mutant shows cross resistance to imipenem and chlor-
amphenicol, but not to other ,-lactams, and this mutation is
genetically distinct from other quinolone-resistant muta-
tions, nalA (cfxA and nfxA), nalB (cfxB), and nfxB.
Here we report the biochemical and genetic properties of

this novel norfloxacin-resistant mutant of P. aeruginosa
PAO.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains and phage. The P. aeruginosa strains
used in this study are listed in Table 1. KH 4014a is a
spontaneous norfloxacin-resistant mutant that was isolated
from PAO 4009 by a previously described method (12). PAO
969 and its nalB mutant PAO 6006 were gifts from D. Haas.
Strains PAO 2375 and PAO 4032, which were used as
recipient strains for genetic analysis, were kindly provided
by H. Matsumoto. Phage G101 was used for transduction.
Growth media. Antibiotic medium 3, Mueller-Hinton me-

dium, Mueller-Hinton broth, and proteose peptone no. 2
were purchased from Difco Laboratories, Detroit, Mich. L
broth, L agar, and minimal A medium have been described
previously (11, 22). Minimal A medium containing 0.4%
glucose as a carbon source was supplemented with 1 mM
amino acids, if necessary. For selection of mtu and catA
markers, minimal A medium was supplemented with 10 mM
mannitol or benzoic acid as carbon sources, respectively.
Proteose peptone no. 2-0.5% NaCl was used for the prepa-
ration of outer membrane proteins (8).

Antimicrobial agents. Norfloxacin, fleroxacin, ofloxacin,
and ciprofloxacin were synthesized by the Central Research
Laboratories of Kyorin Pharmaceutical Co., Ltd. Imipenem
was provided by Merck & Co., Inc., Rahway, N.J. Car-
benicillin, cefotaxime, cefsulodin, ceftazidime, ceftriaxone,
chloramphenicol, gentamicin, kanamycin, moxalactam, nali-

TABLE 1. P. aeruginosa strains used in this study

Strain Genotype (derivation) Source (reference)

PAO 4009 leu-9018 nir-9006 H. Matsumoto (12)
(FP5+)

KH 4014a nfxC mutant of PAO 4009 This study
(FP5+)

KH 4013E nfxB mutant of PAO 4009 This laboratory (12)
(FP5+)

PAO 969 proC-130 D. Haas (25)
PAO 6006 nalB mutant of PAO 969 D. Haas (25)
PAO 2375 met-9020 catAl nar-9011 H. Matsumoto (19)

mtu-9002
PAO 4032 met-9020 catAl nar-9011 H. Matsumoto (19)

mtu-9002 tyu-9030 dcu-
9013
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TABLE 2. Susceptibilities of quinolone-resistant mutants
of P. aeruginosa PAO strains to quinolones

MIC (,ug/ml)
Strain Nor- Cipro- O Fl Nalidixic

floxacin floxacin oxacin eroxacin acid

PAO 4009 0.39 0.10 0.78 1.56 50
KH 4014a 12.5 1.56 12.5 12.5 800
KH 4013E 6.25 0.78 3.13 3.13 200
PAO 969 0.39 0.10 0.78 1.56 50
PAO 6006 3.13 0.78 6.25 6.25 800

dixic acid, and tetracycline were obtained from commercial
sources.

Antimicrobial susceptibility tests. The susceptibilities of
organisms to antimicrobial agents were measured by an agar
dilution method (11) with Mueller-Hinton medium. The MIC
was defined as the lowest concentration of antimicrobial
agent that inhibited visible growth after 18 h at 37°C.

Accumulation of norfloxacin. The accumulation of norflox-
acin was performed as described previously (12).

1-Lactamase induction test. 3-Lactamase induction was
investigated during the exponential phase of growth. En-
zyme production in the nfxC mutant and its parent strain was
evaluated in the presence of 1.56 ,ug of carbenicillin per ml or
0.1 Rg of imipenem per ml, which were used as inducers.
Induced cultures were harvested after 2 h of exposure to
each inducer. Sonic extracts were prepared, and the super-
natants were used as extracts for the assays (3). ,-Lacta-
mase activity was assayed in 0.05 M phosphate buffer (pH
7.0) at 30°C by using the chromogenic cephalosporin com-
pound PADAC (pyridinium-2-azo-p-dimethylaniline chro-
mophore; Hoechst AG, Frankfurt, Federal Republic of
Germany) as described by Schindler and Huber (29). Final
substrate concentrations were adjusted to 20 to 30 p,M.
Liposome swelling assay. Liposome reconstitution and

permeability assays were carried out by the method of
Yoshimura and Nikaido (31) with slight modifications. Outer
membrane proteins were prepared from P. aeruginosa
strains as described previously (9). Phosphatidylcholine (6.2
,umol) and dicetylphosphate (0.2 ,umol) in chloroform were
dried in a stream of N2 gas. The tube was kept in an
evacuated disiccator for 18 h. The phospholipid film was
suspended in 200 ,ul of distilled water. The suspension was
sonicated for 5 min with an Ultrasonic Disruptor (Tomy
Seiko, Tokyo, Japan). Outer membrane proteins (310 p.g)
were added to the liposome. The liposome was dried again
and kept in an evacuated desiccator for 4 h. The phospho-
lipid ifims containing outer membrane proteins were sus-

pended in a mixture of 18 mM stachyose-1 mM imidazole
NAD buffer (pH 6.0). The suspension was sonicated again as
described above.

The liposome (20 IlI) was added to 400 i,l of the isotonic
imipenem solution (18 mM imipenem, 1 mM imidazole NAD
buffer) in a 0.5-ml cuvette. Immediately after mixing, reduc-
tion of the optical density at 400 nm was measured.

Characterization of outer membrane proteins. Outer mem-
brane proteins were prepared as described by Poxton et al.
(23) and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (16). After electrophoresis, the gel was
stained with Coomassie brilliant blue.

Genetic analysis. Plasmid FP5-mediated conjugation and
transduction with phage G101 were carried out by the
method of Matsumoto et al. (19, 20).

RESULTS

Susceptibilities of quinolone-resistant mutants to antimicro-
bial agents. The susceptibility of a new type of norfloxacin-
resistant mutant, strain KH 4014a, is given in Table 2, and in
Table 3, its susceptibility is compared with those of nalB and
nfxB mutants of P. aeruginosa PAO strains, which were
impermeability-type, quinolone-resistant mutants. The resis-
tance level ofKH 4014a to quinolones was higher than those
of the nfxB and nalB mutants. Strain KH 4014a showed an 8-
to 32-fold increase in resistance to norfloxacin and other
quinolones over that of its parent strain and had increased
resistance to imipenem and chloramphenicol as well. How-
ever, it was highly susceptible to carbenicillin, cefotaxime,
cefsulodin, ceftazidime, ceftriaxone, gentamicin, kanamy-
cin, and moxalactam. The resistance of KH 4014a to imi-
penem was characteristic of the nfxC mutation. In contrast,
the nalB mutant (PAO 6006) showed cross resistance to all
,-lactam antibiotics except imipenem, tetracycline, and
chloramphenicol.
Mapping of the norfloxacin resistance gene. To determine

the location of the norfloxacin resistance gene on the P.
aeruginosa PAO chromosome, plasmid FP5-mediated con-
jugations were performed, with strains PAO 2375 and PAO
4032 used as recipients. Selection was made for each auxo-
trophic marker, and approximately 50 to 100 recombinants
were examined for their susceptibilities to norfloxacin on
nutrient agar containing 3.13 ,ug of norfloxacin per ml.
The norfloxacin resistance gene, nfxC, in strain KH 4014a

was found to be located between 46 min (catAl) and 48 min
(mtu-9020) (13) on the PAO chromosome, with the closest
linkage (87 to 92%) being to the selective marker catAl. A
more precise position of the nfxC gene was obtained by
transductional analysis with phage G101 and with PAO 2375
and PAO 4032 used as recipient strains. Selection for three
different markers (met-9011 [40 min] [13], catAl [46 min],
mtu-9020 [48 min]) gave cotransduction frequencies of 62%
(PAO 2375) and 90.6% (PAO 4032) between the unselected
nfxC marker and catAl only (Table 4). These results indicate
that the nfxC gene is genetically distinct from other qui-

TABLE 3. Susceptibilities of quinolone-resistant mutants of P. aeruginosa PAO strains to nonquinolone antimicrobial agents

MIC (,ug/ml)-
Strain

IPM CAZ CTX CTRX CFS LMOX CBPC GM KM TC CP

PAO 4009 0.78 1.56 12.5 12.5 1.56 12.5 50 3.13 200 25 100
KH 4014a 6.25 0.78 6.25 3.13 0.78 6.25 25 0.78 100 25 >200
KH 4013E 0.39 0.78 6.25 6.25 0.78 3.13 12.5 0.78 100 25 100
PAO 969 0.78 3.13 12.5 25 1.56 25 50 1.56 100 12.5 100
PAO 6006 0.78 6.25 25 50 6.25 100 200 1.56 100 50 >200

a Abbreviations: IPM, imipenem; CAZ, ceftazidime; CTX, cefotaxime; CTRX, ceftriaxone; CFS, cefsulodin; LMOX, moxalactam; CBPC, carbenicillin; GM,
gentamicin; KM, kanamycin; TC, tetracycline; CP, chloramphenicol.
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TABLE 4. Genetic mapping of the nfxC gene

% Coinheritance of resistance of the
Selected following recipientsb:
marker'

PAO 2375 PAO 4032

Conjugation
met-9011 (42) 10.0 (7/70) 23.5 (16/68)
catAl (46) 92.1 (70/76) 86.7 (39/45)
mtu-9020 (48) 61.4 (54/88) 57.1 (48/84)

Transduction
met-9011 (42) 0 (0/69) 0 (0/63)
catAl (46) 62.0 (44/71) 90.6 (58/64)
mtu-9020 (48) 0 (0/71) 0 (0/68)
a Conjugation was mediated by plasmid FP5. Transduction was performed

with phage G101. Numbers in parentheses are chromosomal map locations
(minutes).

b Norfloxacin resistance was selected with 3.13 pg of norfloxacin per ml.
Values in parentheses are the number of norfloxacin-resistant recombinants/
number of recombinants tested.

nolone resistance genes such as nalA (cfxA and nfxA), nalB
(cfxB), or nfxB on the P. aeruginosa PAO chromosome (12,
25, 26).
MICs of norfloxacin, imipenem, and chloramphenicol for

strain PAO 4032 were 0.39, 3.13, and 200 jig/ml, respec-
tively; and the MICs for nfxC transductant of strain PAO
4032 were 6.25, 12.5, and >400 ,ug/ml, respectively. All of
the other norfloxacin-resistant transconjugants and trans-
ductants that we tested also had the same drug susceptibility
patterns as those of the donor strains, indicating that the
mutation at the nfxC locus causes cross resistance to quino-
lones, imipenem, and chloramphenicol.

Norfloxacin accumulation by the norfloxacin-resistant mu-
tant. Since the drug susceptibility of the nfxC mutant sug-
gested an alteration in membrane permeability, we com-
pared the accumulation of norfloxacin by the nfxC mutant
with that by the parent strain. Norfloxacin accumulation by
cells of the nfxC mutant (KH 4014a) was twofold lower than
that by cells of the parent strain (PAO 4009) (Fig. 1).

Permeability of the outer membrane to imipenem. It is well
known that P. aeruginosa produces type Id 1-lactamase
which can be induced by f-lactam antibiotics. The nfxC
mutant showed cross resistance to imipenem but not to
penicillins or cephalosporins. To determine the outer mem-
brane permeability of imipenem and carbenicillin in the nfxC
mutant, P-lactamase production in the nfxC mutant and
parent strain was studied in the presence of imipenem or
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TABLE 5. Inducibility of 1-lactamase and rate of imipenem
diffusion through liposomes containing the outer membrane

proteins of PAO 4009 and KH 4014a (nfxC)
Induction witha: Rate of

Strain imipenem
Imipenem Carbenicillin diffusionb

PAO 4009 (wild type) 4.7 0.1 0.0064
KH 4014a (nfxC) 1.8 0.1 0.0006

a The concentrations of imipenem and carbenicillin used for 1-lactamase
induction were 0.10 and 1.56 jig/ml, respectively. 13-Lactamase activity was
determined by using the chromogenic cephalosporin compound PADAC as a
substrate. 3-Lactamase activity is expressed as nanomoles of substrate
hydrolyzed per minute per milligram of protein. The basal levels of ,3-lacta-
mase activity in each strains were <0.02 nmol/min per mg of protein.

b Diffusion rate was expressed as the initial rate of decrease at an optical
density of 400 nm per minute.

carbenicillin as an inducer. Table 5 shows the ,-lactamase
production of the nfxC mutant and its parent strain. No
differences were observed in the amounts of P-lactamase
produced in the parent strain or the nfxC mutant when
carbenicillin was used as an inducer. However, the amount
of P-lactamase induced with imipenem in the nfxC mutant
was about threefold lower than that induced in the parent
strain. These results suggest that the permeability of the
outer membrane to imipenem is decreased in the nfxC
mutant. To investigate the diffusion of imipenem through
outer membrane proteins of the nfxC mutant, a liposome
swelling assay was performed. The rate of imipenem diffu-
sion through the outer membrane proteins of the nfxC
mutant was 1/10th that of the parent strain. These results
suggest that the reduced permeation of imipenem into the
nfxC mutant is caused by a lower rate of diffusion through
outer membrane proteins.
Outer membrane proteins profile of the norfloxacin-resis-

tant mutant. Figure 2 shows outer membrane protein profiles
of the nfxC mutant and the nfxC transductant compared with
those of their parent strains. The amount of an outer
membrane protein of 46 kDa was decreased, whereas that of
a 50-kDa protein was increased in the nfxC mutant. The nfxC
transductant also revealed the same alterations of outer
membrane proteins. The amounts of an outer membrane
protein of 25.5 kDa (protein G) and an outer membrane
protein of greater than 50 kDa were also reduced in the nfxC
mutant and the transductant. We analyzed many nfxC trans-

-90Kd
-46Kd

31Kd- -I

1 5 10 20

Incubation time (min)

FIG. 1. Comparison of norfloxacin accumulation by the nfxC
mutant (KH 4014a) and its parent strain (PAO 4009). 0, PAO 4009
(wild type); *, KH 4014a (nfxC). Each point represents the mean of
a minimum of three separate determinations. Bars indicate standard
errors.

21.5Kd- = =_
A B C D E

FIG. 2. Outer membrane protein profiles of the nfxC mutant.
Lane A, molecular mass standards phospholipase B (92.5 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), carbonic
anhydrase (31 kDa), and soybean trypsin inhibitor (21.5 kDa); lane
B, PAO 4009 (wild type); lane C, KH 4014a (nfxC); lane D, PAO
4032; lane E, PAO 4032 (nfxC transductant). Approximately 40 p.g of
protein was loaded onto the gel. Kd, Kilodalton.
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ductants and transconjugants. These proteins were reduced
in some recombinants but not in others (data not shown).
These results suggest that the dec'rease in the amounts of the
46-kDa and the increase 'in the 50-kDa outer membrane
proteins are involved in norfloxacin (quinolone), imipenem,
and chloramphenicol resistance. The outer membrane pro-
tein profiles of the nfxC mutants differ from those of the nfxB
and nalB mutants (10, 12), suggesting that the resistance
mechanisms to norfloxacin and other quinolones in nfxC
differ from those in nfxB and nalB mutants.

DISCUSSION

We previously found (11, 12) that the decrease in norflox-
acin accumulation in norfloxacin-resistant mutants of E. coli
and P. aeruginosa is associated with alteration in the outer
membrane protein profile. The alterations in permeation of
norfloxacin into the cell in the nfxB mutant of P. aeruginosa
PAO likely was associated with the appearance of a new
outer membrane protein with a molecular mass of 54 kDa. In
the nfxC mutant, at least twp outer membrane proteins were
altered; that is, the amount of the 46-kDa'protein was
decreased and that of the 50-kDa protein was increased. It
has been reported (3, 18, 24) that imipenem resistance in P.
aeruginosa is associated with the loss of 45- to 48-kDa outer
membrane proteins. These imipenem-resistant P. aerugi-
nosa strains did not show cross resistance to other 1-lactams
such as extended-spectrum cephalosporins or other unre-
lated antimicrobial agents, including the new quinolones. In
this sttns.y we revealed, by a liposome swelling assay, that
the perm-aeation of imipenem through outer membrane pro-
teins is decreased in the nfxC mutant. Studemeister and
Quinn (30) have also reported that the permeation of imi-
penem through outer membrane proteins is decreased in
iripenem-resistant P. aeruginosa strains and hypothesized
that 46- and 48-kDa outer membrane proteins constitute a
selective porin channel that favors diEfusion of imipenem but
not other broad-spectrum ,B-lactams into P. aeruginosa.
They concluded that imipenem resistance in nfxC mutants
might be as'sociated' with a decrease in the amount of the
46-kDa outer membrane protein. To investigate whether
imipenem-resist'ant mutants of P. aeruginosa show cross
resistance to new quinolones such as norfloxacin and cipro-
fioxacin, we isolated spontaneous imipenem-resistant mu-
tants that lacked the 46-kDa outer membrane protein. These
mutants showed no cross resistance to new quinolones,
chloramphenicol, or other antimicrobial agents, including
penicillins and cephalosporins (data not shown). These re-
sults suggest that a decrease in''the amount of the 46-kDa
outer membrane protein in nfxC mutants iffects the perme-
ation of imipenem'into bacterial cells of P. aeruginosa
strains but does not affect the permeations of new quinolo-
nes or other antimicrobial agents. Therefore, the overpro-
duced 50-kDa outer membrane protein may be associated
with alteration of the permeations of new quinolones, chlor-
amphenicol, 13-lactams except imipenem, and aminoglyco-
sides into the cell; and the diminished 46-kDa outer mem-
brane protein may cause a'decrease in the permeation of
imipenem through the P. aeruginosa outer membrane. It has
been reported (4, 17) that quinolone-resistant' strains of P.
aeruginosa have altered lipopolysaccharides in their outer
membranes. Thus, 'it is possible that the overproduced
50-kDa outer membrane protein interacts with either lipo-
polysaccharides or other outer membrane proteins and af-
fects the permeation of quinolones, chloramphenicol, j3-lac-
tams, or aminoglycoside antibiotics into the cell.

Recently, quinolone-resistant P. aeruginosa derivatives
were isolated after Tn5 insertional mutagenesis (4). These
derivatives showed cross'resistance to other antimicrobial
agents, such as cefotaxime, ticarcillin, moxalactam, and
chloramphenicol. Outer membrane protein G (molecular
mass, 25.5' kDa) was present at a significantly lower quantity
and the 40-kDa outer membrane protein was completely lost
in those quinolone-resistant strains. Outer membrane pro-
tein G and proteins with molecular masses greater than 50
kDa were reduced in nfxC mutants. However, the 40-kDa
outer membrane protein was not altered. It is possible that
reductions in the amounts of these proteins may play a role
in quinolone resistance. However, we could not find a
decrease in the am'ounts of these proteins in some' nfxC
transconjugants and transductants. Therefore, it is not clear
whether alterations in these proteins are associated with
resistance to quinolone in nfxC mutants.
The nfxC mutation was located near catA (46 min) on the

P. aeruginosa PAO chromosome. This result showed that
the nfxC gene is genetically distinct from other quinolone
resistance genes: cfxA (nalA), 39 min; cfxB (naiB), 20 min;
nalA, 39 min; nalB, 20 miin; nfxA (nalA), 39 min; and nfxB,
0 min. The function of the nfxC gene in P. aeruginosa PAO
is not clear; however, the nfxC gene affects the synthesis of
outer membrane proteins or components. Quinn et al. (J. P.
Quinn, A. Darzins, D. Miyashiro, and M. Casadabar, Pro-
gram Abstr. 28th Intersci. Conf. Antimicrob. Agents Che-
mother., abstr. no. 488, 1988) have reported that the imi-
penem resistance gene that affects a 45-kDa outer membrane
protein is located near the proB (71 min) locus. Therefore,
the nfxC gene is also different from'the imipenem resistance
gene.
Michea-Hamzehpour et al. (21) isolated new quinolone-

resistant strains of P. aeruginosa that showed cross resis-
tance to imipenem but not to other J-lactams after pefioxacin
and ciprofloxacin therapy in a munrne model of a P. aerug-
inosa infection. These results suggest that the emergence of
nfxC-type mutants is probably possible in vivo. Recently, we
found' clinically isolated quinolone-resistant P. aeruginosa
strains that were cross resistant to imipenem (unpublished
data). Additional studies of the nfxC mutant will provide
information on the genetic and biological properties of this
type of clinically isolated, quinolone-resistant P. aeruginosa
strain.
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