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The in vitro activities of ciprofloxacin, clinafloxacin, gatifloxacin, levofloxacin, moxifloxacin, and trovafloxa-
cin were tested against 72 ciprofloxacin-resistant and 28 ciprofloxacin-susceptible isolates of Klebsiella pneu-
moniae, Klebsiella oxytoca, Enterobacter cloacae, and Enterobacter aerogenes. Irrespective of the alterations in
GyrA and ParC proteins, clinafloxacin exhibited greater activity than all other fluoroquinolones tested against
K. pneumoniae and E. aerogenes.

Fluoroquinolones are broad-spectrum antimicrobial agents.
However, resistance to fluoroquinolones has been increasingly
reported in many bacterial species, including those of the En-
terobacteriaceae (1, 3, 12). The main resistance mechanism in
these bacteria is an alteration of the GyrA subunit of DNA
gyrase (5, 11, 20, 21). Mutations in parC, which encodes the
ParC subunit of topoisomerase IV, seem to play a secondary
role in a great variety of enterobacterial species, including
Klebsiella pneumoniae and Enterobacter cloacae (4, 6–8, 15, 16);
however, they have not yet been investigated in Klebsiella oxy-
toca and Enterobacter aerogenes.

The purpose of this study was to compare the in vitro activ-
ities of ciprofloxacin, clinafloxacin, gatifloxacin, levofloxacin,
moxifloxacin, and trovafloxacin against isolates of Klebsiella
spp. and Enterobacter spp. with characterized gyrA and parC
genes and to analyze the prevalence of alterations in those
genes within a representative European strain collection of
these species.

The isolates tested were sent from 24 European university
hospitals participating in the European SENTRY Antimi-
crobial Surveillance Program, which is implemented in 13
European countries (13, 19). Only one isolate per patient was
submitted. Between April 1997 and October 1998, 465 K. pneu-
moniae isolates, 148 K. oxytoca isolates, and 501 Enterobacter
sp. isolates were collected. Of these, 4.7% of K. pneumoniae,
2.8% of K. oxytoca, and 10.8% of Enterobacter spp. were inter-
mediately or fully resistant to ciprofloxacin (MICs greater than
1 mg/ml). Most of these ciprofloxacin-resistant isolates (22
K. pneumoniae, 4 K. oxytoca, 22 E. cloacae, and 24 E. aerogenes
isolates) as well as some randomly selected ciprofloxacin-sus-
ceptible isolates were included in the study. Ciprofloxacin-
resistant K. pneumoniae isolates were found in six countries,
including Greece (6 isolates of 39), France (1 of 83), Italy (3 of
29), Poland (6 of 18), Spain (3 of 68), and Turkey (3 of 31).

Ciprofloxacin-resistant K. oxytoca isolates were found in Bel-
gium (1 of 9 isolates), Greece (1 of 7), and Italy (2 of 15).
Ciprofloxacin-resistant isolates of E. cloacae were found in
Austria (1 of 7 isolates), Belgium (1 of 6), France (7 of 63),
Germany (9 of 40), Italy (2 of 27), and Portugal (2 of 21).
Ciprofloxacin-resistant E. aerogenes isolates were found in
Austria (1 of 3 isolates), Belgium (4 of 8), France (7 of 54),
Germany (4 of 6), Greece (2 of 23), Italy (3 of 14), Portugal (2
of 8), and the United Kingdom (1 of 6). Approximately half of
the ciprofloxacin-resistant isolates came from blood cultures;
the rest were isolated from urinary tract infections, wound
infections, and nosocomial pneumonia.

MICs were determined by a broth microdilution method
defined by the National Committee for Clinical Laboratory
Standards (17).

Prepared bacterial DNA was used as the template for PCR
amplification of the gyrA and parC portions homologous to the
quinolone resistance-determining region (QRDR) of Esche-
richia coli (14, 21). Primers gyrA-A (59-CGCGTACTATACG
CCATGAACGTA-39) and gyrA-C (59-ACCGTTGATCACTT
CGGTCAGG-39) were used for Klebsiella spp. Primers parC-A
(59-CTGAATGCCAGCGCCAAATT-39) and parC-C (59-TG
CGGTGGAATATCGGTCGC-39) were used for K. pneumo-
niae. Primers parC-F1 (59-ATGGACCGTGCGTTGCCGTTT
AT-39) and parC-R1 (59-CGGCAATACCGGTGGTGCCGT
T-39) were used for K. oxytoca. For the amplification of gyrA
and parC of Enterobacter spp., we used the primers previously
defined by Deguchi et al. (8).

PCR conditions were as described previously (18), with an
annealing temperature of 55°C for Enterobacter spp. and 50°C
for Klebsiella spp. PCR-amplified DNA was sequenced by
the dye terminator method in both directions using the Ready
Reaction Dye Terminator Cycle sequencing kit (Perkin-
Elmer).

Sequences with no mutations were identified on the basis of
their being identical to the published sequences of the gyrA and
the parC genes (7–9, 20). Strain NCTC49141 was sequenced
for parC as a reference strain for K. oxytoca.

The amino acid changes identified in Klebsiella spp. and En-
terobacter spp. GyrA and ParC proteins are shown in Table 1.
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TABLE 1. Amino acid changes within GyrA and ParC and corresponding MICs of six fluoroquinolones

Organism
Amino acid change(s) in:

Drug
No. of isolates for which the MIC (mg/ml) was:

GyrA ParC ,0.06 0.12 0.25 0.5 1 2 4 8 16 .32

Klebsiella pneumoniae None None Ciprofloxacin 11 1
Levofloxacin 11 1
Gatifloxacin 11 1
Trovafloxacin 12
Moxifloxacin 4 8
Clinafloxacin 12

Ser-833Tyr Ciprofloxacin 4 3 2
Levofloxacin 1 4 3 1
Gatifloxacin 3 4 1 1
Trovafloxacin 2 4 2 1
Moxifloxacin 1 5 2 1
Clinafloxacin 1 4 3 1

Ser-833Phe Ciprofloxacin 2
Levofloxacin 2
Gatifloxacin 1 1
Trovafloxacin 2
Moxifloxacin 1 1
Clinafloxacin 1 1

Ser-833Phe, Asp-873Tyr Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Ser-833Ile Ser-803Ile Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Ser-833Phe Ser-803Ile Ciprofloxacin 2 2
Levofloxacin 1 3
Gatifloxacin 1 3
Trovafloxacin 2 1 1
Moxifloxacin 1 3
Clinafloxacin 2 2

Ser-833Phe, Asp-873Asn Ser-803Ile Ciprofloxacin 1 1
Levofloxacin 1 1
Gatifloxacin 2
Trovafloxacin 1 1
Moxifloxacin 1 1
Clinafloxacin 1 1

Ser-833Tyr, Asp-873Tyr Ser-803Ile Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Ser-833Phe, Asp-873Asn Glu-843Lys Ciprofloxacin 2
Levofloxacin 2
Gatifloxacin 2
Trovafloxacin 2
Moxifloxacin 2
Clinafloxacin 1 1

Klebsiella oxytoca None None Ciprofloxacin 3 1
Levofloxacin 3 1
Gatifloxacin 3 1
Trovafloxacin 3 1
Moxifloxacin 3 1
Clinafloxacin 3 1

Thr-833Ile Ciprofloxacin 1 1
Levofloxacin 2
Gatifloxacin 2
Trovafloxacin 1 1

Continued on following page
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TABLE 1—Continued

Organism
Amino acid change(s) in:

Drug
No. of isolates for which the MIC (mg/ml) was:

GyrA ParC ,0.06 0.12 0.25 0.5 1 2 4 8 16 .32

Moxifloxacin 2
Clinafloxacin 2

Thr-833Ile Ser-803Arg Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Thr-833Ile, Asp-873Gly Ser-803Ile Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Enterobacter cloacae None None Ciprofloxacin 6
Levofloxacin 1 5
Gatifloxacin 5 1
Trovafloxacin 5 1
Moxifloxacin 3 3
Clinafloxacin 6

Ser-833Phe Ser-803Ile Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Ser-833Tyr, Asp-873Asn Ser-803Ile Ciprofloxacin 2 3
Levofloxacin 2 3
Gatifloxacin 3 1 1
Trovafloxacin 2 3
Moxifloxacin 3 2
Clinafloxacin 2 3

Ser-833Phe, Asp-873Gly Ser-803Ile Ciprofloxacin 2 2
Levofloxacin 2 2
Gatifloxacin 2 2
Trovafloxacin 1 3
Moxifloxacin 2 2
Clinafloxacin 3 1

Ser-833Tyr, Asp-873Gly Ser-803Ile Ciprofloxacin 5 4
Levofloxacin 4 5
Gatifloxacin 1 6 2
Trovafloxacin 3 6
Moxifloxacin 1 7 2
Clinafloxacin 1 6 2

Ser-833Tyr, Asp-873His Ser-803Ile Ciprofloxacin 1 2
Levofloxacin 1 2
Gatifloxacin 2 1
Trovafloxacin 1 2
Moxifloxacin 1 2
Clinafloxacin 1 2

Enterobacter aerogenes None None Ciprofloxacin 3 3
Levofloxacin 3 1 2
Gatifloxacin 3 3
Trovafloxacin 3 3
Moxifloxacin 4 2
Clinafloxacin 4 2

Ser-833Ile Ser-803Ile Ciprofloxacin 1 7 2
Levofloxacin 1 6 3
Gatifloxacin 7 2 1
Trovafloxacin 6 4
Moxifloxacin 7 3
Clinafloxacin 6 3 1

Continued on following page
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Most of the ciprofloxacin-resistant K. pneumoniae isolates
demonstrated an amino acid change within the GyrA protein
from Ser-83 to Tyr or Phe, as previously reported (7, 20), and
one showed a change from Ser-83 to Ile. All K. oxytoca isolates
showed a change from Thr-83 to Ile, in agreement with Weigel
et al. (20). Similarly, all resistant isolates of E. cloacae showed
a change from Ser-83 to Phe or Tyr, as described previously (8,
20), and isolates of E. aerogenes showed a change from Ser-83
to Ile (20) or Tyr. Six resistant K. pneumoniae isolates also
showed a change from Asp-87 to Asn (7, 20) or Tyr, while one
K. oxytoca isolate showed a newly described change from
Asp-87 to Gly. An Asp-87 change to Asn, Gly, or His was also
found in 21 E. cloacae isolates (8), while one E. aerogenes
isolate showed a newly described change from Asp-87 to Asn.
Other amino acid changes were also observed in Ala-67, Asp-
72, and Ile-78 in E. aerogenes (Table 1).

With regard to the ParC protein, all ciprofloxacin-resistant
Enterobacter isolates showed a change from Ser-80 to Ile or
Arg. In contrast, only 10 K. pneumoniae isolates showed a
change, 8 from Ser-80 to Ile and 2 from Glu-84 to Lys; the
other 12 had no mutation in this gene. Only two of the four
K. oxytoca isolates showed an amino acid change, from Ser-80
to Arg or Ile.

We confirmed the pattern of mutations previously described
for Klebsiella spp. (7) with some isolates having only mutations
in gyrA. In contrast to Japanese (8) and American (20) isolates,
all European ciprofloxacin-resistant Enterobacter spp. isolates
showed an alteration in ParC together with amino acid changes
in GyrA. Since we sequenced the QRDR of nearly all cipro-
floxacin-resistant Enterobacter sp. isolates found in this study,
our results may reflect a shift toward isolates with more mu-
tations in the present European populations of these species or
a geographic difference with Japan and the United States.

Mutations or combinations of mutations found within the
gyrA or parC genes and the corresponding MICs of each of the
quinolones tested are shown in Table 1. Isolates with no iden-

tifiable mutations within the gyrA or parC genes demonstrated
MICs of ciprofloxacin of #0.06 mg/ml for K. pneumoniae,
#0.06 to 0.25 mg/ml for K. oxytoca, #0.06 mg/ml for E. cloacae,
and 0.5 to 1 mg/ml for E. aerogenes. For the ciprofloxacin-
susceptible isolates, however, there was no clear difference in
efficacy between the different quinolones for the concentra-
tions tested.

In Klebsiella spp., an alteration in Ser-83 of GyrA alone was
associated with a MIC of ciprofloxacin of $2 mg/ml. Additional
changes in either Asp-87 of GyrA or Ser-80 of ParC generally
increased the MICs. This illustrates the major role played by
alterations in amino acid Ser-83 of GyrA and the secondary
role of additional changes, as previously reported (4, 6, 15, 16,
21).

In Enterobacter spp., combined amino acid changes in GyrA
do not seem to result in higher MICs compared to single
changes. Furthermore, as we observed only isolates with
changes in both GyrA and ParC, the impact of changes in ParC
on MICs, in addition to changes in GyrA, is difficult to define.

Since we have not examined the GyrB and ParE subunits,
the possibility that some isolates have alterations in these pro-
teins cannot be excluded.

This study is one of the few in which the in vitro activities of
the newer fluoroquinolones have been simultaneously com-
pared for Klebsiella and Enterobacter isolates with defined al-
terations in gyrA and parC. For all ciprofloxacin-resistant iso-
lates tested, clinafloxacin MICs were generally two dilution
steps lower than those of the second active quinolone tested.
This very general observation is true for all combinations of
mutations in gyrA and parC. New quinolones with improved in
vitro activity should be active against both ciprofloxacin-sus-
ceptible and ciprofloxacin-resistant isolates. Based on a break-
point of .1 mg/ml, 16 to 22 K. pneumoniae isolates were re-
sistant to gatifloxacin, trovafloxacin, moxifloxacin, levofloxacin,
and ciprofloxacin, whereas only 7 were clinafloxacin resistant.
No K. oxytoca isolate was resistant to clinafloxacin, but four

TABLE 1—Continued

Organism
Amino acid change(s) in:

Drug
No. of isolates for which the MIC (mg/ml) was:

GyrA ParC ,0.06 0.12 0.25 0.5 1 2 4 8 16 .32

Ser-833Ile Ser-803Arg Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1

Ser-833Tyr Ser-803Ile Ciprofloxacin 2
Levofloxacin 1 1
Gatifloxacin 1 1
Trovafloxacin 2
Moxifloxacin 1 1
Clinafloxacin 1 1

Asp-723Glu, Ser-833Ile Ser-803Ile Ciprofloxacin 9 1
Levofloxacin 3 7
Gatifloxacin 2 6 2
Trovafloxacin 2 8
Moxifloxacin 2 7 1
Clinafloxacin 8 2

Ala-673Ser, Ser-833Ile,
Asp-873Asn, Ile-783Val

Ser-803Ile Ciprofloxacin 1
Levofloxacin 1
Gatifloxacin 1
Trovafloxacin 1
Moxifloxacin 1
Clinafloxacin 1
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were resistant to the other quinolones. Six E. aerogenes isolates
were clinafloxacin resistant, while 24 were resistant to the other
quinolones. Finally, 20 E. cloacae isolates were resistant to
clinafloxacin and 22 were resistant to the other quinolones
under study. The number of isolates with MICs of ,1 mg/ml
was significantly greater for clinafloxacin than for the other
quinolones, according to the chi-square test, for K. pneumoniae
(P , 0.02) and for E. aerogenes (P , 0.001). No difference was
found for E. cloacae, and due to the low number of isolates the
test was not performed for K. oxytoca.

This improved in vitro activity against isolates with alter-
ations in GyrA and ParC might be related to the interaction of
the C-8 chlorine atom of this compound with the gyrase en-
zyme (10).

In summary, clinafloxacin shows the best in vitro activity
against all species tested, independent of the genetic constitu-
tion of the gyrA and parC genes. These results echo the im-
proved efficacy of clinafloxacin reported previously for genet-
ically undefined isolates of these species (2). Clinafloxacin may,
therefore, be of clinical value in the therapy of Klebsiella spp.
and E. aerogenes infections, especially those caused by resistant
strains with alterations in GyrA and ParC. However, it seems
to have no improved value against E. cloacae.

Nucleotide sequence accession number. The partial se-
quence of the parC gene of K. oxytoca NCTC49191 was as-
signed EMBL accession number AJ133197.
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