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Ability of daily sequential subcultures in subinhibitory concentrations of clinafloxacin, ciprofloxacin, and
trovafloxacin to select resistant mutants was studied in 10 pneumococci (ciprofloxacin MICs, 1 to 4 mg/ml, and
clinafloxacin and trovafloxacin MICs, 0.06 to 0.125 mg/ml [n 5 9]; ciprofloxacin, clinafloxacin, and trova-
floxacin MICs, 32, 0.5, and 2 mg/ml, respectively [n 5 1]). Subculturing was done 50 times, or until MICs
increased fourfold or more. Mutants for which MICs were fourfold (or more) higher than those for parent
strains were selected in five strains by clinafloxacin, in six strains by trovafloxacin, and nine strains by
ciprofloxacin. Sequence analysis of type II topoisomerase showed that most mutants had mutations in ParC at
Ser79 or Asp83 and in GyrA at Ser81, while a few mutants had mutations in ParE or GyrB. In the presence
of reserpine, the MICs of ciprofloxacin and clinafloxacin for most mutants were lower (four to eight times
lower), but for none of the mutants were trovafloxacin MICs lower, suggesting an efflux mechanism affecting
the first two agents but not trovafloxacin. Single-step mutation rates were also determined for eight strains for
which the MICs were as follows: 0.06 mg/ml (clinafloxacin), 0.06 to 0.125 mg/ml (trovafloxacin), and 1 mg/ml
(ciprofloxacin). Single-step mutation rates with drugs at the MIC were 2.031029 to <1.1310211, 5.031024 to
3.631029, and 4.831024 to 6.731029, respectively. For two strains with clinafloxacin MICs of 0.125 to 0.5
mg/ml trovafloxacin MICs of 0.125 to 2 mg/ml, ciprofloxacin MICs of 4 to 32 mg/ml mutation rates with drugs
at the MIC were 1.13102829.631028, 3.33102626.731028, and 2.33102522.431027, respectively. Clina-
floxacin was bactericidal at four times the MIC after 24 h against three parent and nine mutant strains by
time-kill study. This study showed that single and multistep clinafloxacin exposure selected for resistant
mutants less frequently than similar exposures to other drugs studied.

Clinafloxacin is a novel fluoroquinolone with broad-spec-
trum in vitro activity against gram-positive, gram-negative, and
anaerobic pathogens (8). This drug is more active in vitro
against Streptococcus pneumoniae than ciprofloxacin, trova-
floxacin, and most other fluoroquinolones (8). Newer com-
pounds of this class have improved activity and pharmacoki-
netics relative to older quinolones (3).

Fluoroquinolones present potential for empirical treatment
of adult respiratory infections, in part due to the increase in the
incidence of penicillin-resistant pneumococci and also because
of their activity against Haemophilus influenzae, Moraxella
catarrhalis, Chlamydia pneumoniae, Mycoplasma pneumoniae,
and Legionella pneumophila (1, 25). However, the overuse of
this class of antimicrobial agent could lead to the emergence of
resistant mutants. There were no pneumococci resistant to
ciprofloxacin in a 1997 U.S. surveillance study (13), and world-
wide incidence of these strains is less than 1% (13). However
resistance to levofloxacin (5.5%) and trovafloxacin (2.2%) was
recently reported from Hong Kong (12). In Canada, the prev-
alence of pneumococci with reduced susceptibilities to fluoro-
quinolones in adults increased from 0% in 1993 to 1.7% in
1997 and 1998 (5). The prevalence of ciprofloxacin-resistant
pneumococci also increased from 0.9% in 1991–1992 to 3.0%
in 1997–1998 in Spain (15). It is a concern that these resistant
strains may spread to other parts of the world.

The primary targets of fluoroquinolones are topoisomerase

IV and DNA gyrase. Topoisomerase IV is composed of ParC
and ParE subunits, which are encoded by parC and parE genes,
respectively. DNA gyrase is composed of GyrA and GyrB,
which are encoded by gyrA and gyrB genes, respectively. Point
mutations in the quinolone resistance-determining regions
(QRDRs) of topoisomerase IV and DNA gyrase genes are
associated with quinolone resistance. Topoisomerase IV is the
primary target for ciprofloxacin and trovafloxacin (9, 11, 19,
25), while DNA gyrase and topoisomerase IV are dual targets
of clinafloxacin in S. pneumoniae (20). Mutations in the
QRDRs of parE and gyrB are also believed to play a role in
fluoroquinolone resistance (14, 19, 25).

In this study, we determined and compared the effects of
clinafloxacin, trovafloxacin, and ciprofloxacin to select resistant
pneumococcal mutants by (i) multistep resistance selection by
exposure to subinhibitory concentrations of these agents and
(ii) single-step resistance selection. Clinafloxacin and trova-
floxacin were chosen as examples of quinolones with increased
activity against S. pneumoniae. The mutations in ParC, GyrA,
ParE, and GyrB of the mutants were determined, and mutant
strains were also tested for the presence of an efflux mecha-
nism by determining MICs in the presence and absence of
reserpine. Furthermore, time-kill experiments of some of par-
ent and mutant strains were performed to compare the in vitro
activities of three quinolones.

MATERIALS AND METHODS

Bacteria and antimicrobial agents. Nine strains of S. pneumoniae clinically
isolated within the past 5 years were randomly selected from our collection. One
strain for which the MIC of ciprofloxacin was 32 mg/ml was also used; this strain
was obtained from Spain. Organisms were identified by optochin susceptibility
and classified by serotyping. Antimicrobials were obtained as follows: clinafloxa-
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cin from Parke-Davis Pharmaceuticals, Ann Arbor, Mich.; trovafloxacin from
Pfizer, Inc., New York, N.Y.; and ciprofloxacin from Bayer, Inc., West Haven,
Conn.

Susceptibility testing. MICs were determined by reference microdilution
methodology in Muller-Hinton broth (Difco Laboratories, Detroit, Mich.) sup-
plemented with 5% lysed horse blood (17). For the purpose of this study, strains
were considered susceptible to ciprofloxacin and trovafloxacin when MICs of
these drugs were #2 mg/ml and susceptible to clinafloxacin when the MIC was
#1 mg/ml, based on baseline MICs of ciprofloxacin and pharmacokinetics of the
other agents (3; M. A. Cohen, personal communication).

Multistep resistance selection. Multistep resistance selection for each of the
quinolones was performed as described previously (7, 23). Glass tubes containing
1 ml of caution-adjusted Muller-Hinton broth (Difco) supplemented with 5%
lysed horse blood with doubling antibiotic dilutions were inoculated with approx-
imately 5 3 105 CFU/ml at antibiotic concentrations from 3 doubling dilutions
above to 3 doubling dilutions below the MIC of each agent for each strain. The
initial inoculum was prepared by suspending growth from overnight Trypticase
soy blood agar plate (Difco) in Muller-Hinton broth. Tubes were incubated at
35°C for 24 h. Daily passages were performed for 50 days by taking 10 ml of
inoculum from the tube with the drug concentration nearest the MIC (usually the
tube 1 doubling dilution below the MIC). Daily subculturing was done 50 times,
or until MICs for mutants increased fourfold or more. Resistant mutants then
were subcultured 10 times on drug-free medium, and the MICs were determined.

Single-step resistance selection. The frequency of spontaneous single-step
mutation was determined by spreading cultures (approximately 1010 CFU/ml) in
a 100-ml volume of phosphate-buffered saline on 10% lysed horse blood. Brain
heart infusion agar (Difco) plates (100-mm diameter) contained each compound
at 1, 2, 4, 8, and 16 times the MIC (20). Plates were incubated aerobically at 35°C
for 48 to 72 h. The resistance frequency was calculated as the number of resistant
colonies per inoculum (20). MICs for parent and resistant mutant strains were
determined by an agar dilution method (21, 22). Gene sequencing and efflux
mechanism were determined for some single-step mutant strains (see below).

Serotyping. Serotyping of parent and mutant strains was performed by the
standard Quellung method with sera from the Statens Seruminstitut (Copenha-
gen, Denmark).

PFGE. To determine whether resistant isolates obtained at the end of serial
passages were derived from those used at the beginning of the study, the parent
strains and the mutants for which the MICs were increased that were obtained
after the last passage were tested by pulsed-field gel electrophoresis (PFGE) with
a CHEF DR III apparatus (Bio-Rad, Hercules, Calif.) as previously described (7,
16).

PCR of quinolone resistance determinants and DNA sequence analysis. To
determine whether mutants that developed resistance to quinolones had alter-
ations in topoisomerase IV or DNA gyrase compared to the parent strains, parC,
parE, gyrA, and gyrB were amplified by the PCR method and sequenced as
described previously (7). Mutants with mutations widely described in the litera-
ture (e.g., Ser793Tyr or Phe in ParC and Ser833Tyr or Phe in GyrA) were
sequenced once in the forward direction. Mutants with no mutations in a par-
ticular gene or with a previously undescribed mutation were sequenced twice
forward and once in the reverse direction on products of independent PCR
experiments (7).

Determination of efflux mechanism. MICs for parent and mutant strains were
determined in the presence and absence of reserpine (10 mg/ml; Sigma) as
described previously (4, 7). Thirty quinolone-resistant mutants for which the
MICs were at least fourfold greater than those for their parent strains were
tested (4). An efflux mechanism was believed to be present when the MIC of an
agent in the presence of reserpine was at least fourfold less (2 doubling dilutions)
than the MIC in the absence of reserpine (tests were repeated three times) (6, 7).

Time-kill methodology. Time-kill studies were carried out for three parent
strains (strains 1, 6, and 7) and three multistep mutant strains selected by each
quinolone using Mueller-Hinton broth with 5% lysed horse blood as described
previously (21, 22).

RESULTS

Multistep resistance selection by subculturing in subinhibi-
tory concentrations. For initial quinolone MICs for parent
strains, there were nine strains for which the ciprofloxacin
MICs were 1 to 4 mg/ml and the trovafloxacin and clinafloxacin
MICs were 0.06 to 0.125 mg/ml. There was one strain for which
the ciprofloxacin MIC was 32 mg/ml, the trovafloxacin MIC was
2 mg/ml, and the clinafloxacin MIC was 0.5 mg/ml. Quinolone
MICs for resistant mutants resulting from serial daily subcul-
turing in subinhibitory concentrations of antibiotics are sum-
marized in Table 1. Subculturing in clinafloxacin selected five
resistant mutants with stable resistance. Subculturing in the
presence of trovafloxacin selected six resistant mutants, for
which the MICs rose from 0.06 to 2 mg/ml to 4 to 16 mg/ml after

30 to 50 subcultures. Subculturing in ciprofloxacin selected
eight resistant mutants, for which the MICs rose from 1 to 4
mg/ml to 4 to 128 mg/ml after 14 to 39 subcultures. Quinolone
MICs for the strain for which the original ciprofloxacin MIC
was 32 mg/ml rose to 128 mg/ml.

Resistance was usually stable (MICs remained within 1 dou-
bling dilution after 10 serial daily passages on antibiotic-free
medium) with the following exceptions: (i) strain 1, 2, 4, and 5
mutants selected by ciprofloxacin (ciprofloxacin MICs de-
creased from 32 to 64 mg/ml to 2 to 8 mg/ml); (ii) strain 2
mutant exposed to trovafloxacin (trovafloxacin MIC decreased
from 1 to 0.25 mg/ml); (iii) strain 1, 3, and 4 mutants selected
by clinafloxacin (clinafloxacin MICs decreased from 4 to 16
mg/ml to 1 to 2 mg/ml).

Cross-resistance among mutant strains. Among 30 multi-
step mutant strains, 12 were resistant to trovafloxacin (five had
high-level trovafloxacin resistance [MIC $ 8 mg/ml]), 29 were
resistant to ciprofloxacin (18 had high-level ciprofloxacin re-
sistance [MIC $ 43 mg/ml]), and 10 were resistant to clina-
floxacin (MIC $ 2 mg/ml) (Table 2).

All five mutants with high-level resistance selected by trova-
floxacin had high-level resistance to ciprofloxacin (ciprofloxa-
cin MICs were 32 to 128 mg/ml [strains 3, 7, 8, 9, and 10]).
While clinafloxacin MICs for these five mutants (0.5 to 2 mg/
ml) were higher than clinafloxacin MICs for parent strains
(MICs # 0.12 mg/ml), none had high-level resistance to clina-
floxacin. Three of these five trovafloxacin-selected high-level-
resistant mutants were cross-resistant to clinafloxacin (strains
7, 8, and 10). Eight of the high-level ciprofloxacin-resistant
mutants that were selected by ciprofloxacin did not have high-
level resistance to either trovafloxacin or clinafloxacin. Two of
four high-level ciprofloxacin-resistant mutants (strains 3 and
10) selected by ciprofloxacin were resistant to both trovafloxa-
cin (MIC, 4 mg/ml) and clinafloxacin (MIC, 2 mg/ml). Among
five clinafloxacin-resistant mutants selected by clinafloxacin, all
had high-level resistance to ciprofloxacin (MICs, 32 to 128
mg/ml), and two of them were resistant to trovafloxacin (but
did not have high-level resistance).

Serotyping and PFGE. The 10 pneumococcal strains used
comprised serotypes 4, 6B, 7, 9, 14, and 23F. All mutants had
serotypes identical to those of the parent strains, and all had
PFGE patterns identical to those the parent strains.

Mutations in topoisomerase IV and DNA gyrase. Mutations
in the QRDR that led to amino acid changes are listed in Table
1. Parent strains 4 and 9 had mutations in both ParC and ParE,
and parent strains 1, 3, 6, and 7 had a variation in ParE
(Ile4603Val) compared to wild-type sequences; the roles of
these variations in affecting quinolone activity are unclear (6).
The ciprofloxacin-resistant parent strain 10 had mutations in
both ParC (Lys503Glu and Ser793Phe) and GyrA (Ser813
Cys), explaining the resistance of this parent strain. In all other
strains the amino acid sequences for ParC, ParE, GyrA, and
GyrB from the parent strains were identical to the wild-type
sequences.

Sequence analysis showed that most mutants had mutations
in ParC at Ser79 or Asp83 and GyrA at Ser81. Strain 4 selected
by clinafloxacin (clinafloxacin MIC, 0.06 to 1 mg/ml) had the
single mutation Ser813Tyr in GyrA. Strain 6 selected by
trovafloxacin (trovafloxacin MIC, 0.06 to 1 mg/ml) had a mu-
tation of Glu853Lys in GyrA. Few had mutations in ParE and
GyrB except as follows: (i) the strain 6 mutant selected by
clinafloxacin had a mutation in ParE (Pro4543Ser), (ii) the
strain 7 mutant selected by trovafloxacin had a mutation in
ParE (Glu4743Lys), (iii) the strain 9 mutants selected by
trovafloxacin or ciprofloxacin had the same mutation in ParE
(Arg4473Cys), (iv) the strain 3 mutant selected by ciprofloxa-
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cin had a mutation in GyrB (Arg4453Ser), and (v) the strain
10 mutants selected by trovafloxacin and clinafloxacin had the
same mutation in GyrB (Gly4063Ser).

Efflux mechanism. We investigated the possibility that the
efflux mechanism contributed to the raised quinolone MICs for
parent and mutant strains by determining MICs in the pres-
ence and absence of reserpine (Table 1). Quinolone MICs for
8 of the 10 parent strains were unaffected by the presence of
reserpine; however, the ciprofloxacin MICs for strains 8 and 9
were four times lower in the presence of reserpine. For 17 of
30 mutants the ciprofloxacin MICs were four to eight times
lower in presence of reserpine. Similarly, the clinafloxacin
MICs for 12 mutants were lower (four to eight times lower).
However, there were no mutants for which the trovafloxacin

MICs were lower in the presence of reserpine. Reserpine low-
ered the ciprofloxacin MICs for 7 of 10 mutants for which the
ciprofloxacin MICs were raised though they had no mutations
in ParC, GyrA, ParE, and GyrB (strain 1, 5, 6, 7, and 10
mutants selected by ciprofloxacin and strain 8 and 9 mutants
selected by clinafloxacin). Reserpine had no effect on the cli-
nafloxacin MICs for two of four mutant strains that had no
mutations in ParC, GyrA, ParE, and GyrB. Clinafloxacin MICs
for a strain 1 mutant (selected after 32 passages with clina-
floxacin) and a strain 3 mutant (selected after 32 passages)
decreased from 16 to 1 mg/ml in the presence of reserpine.
These strains had no difference in the QRDRs of parC, gyrA,
parE, and gyrB compared to the parent strain by gene sequenc-
ing.

TABLE 1. Results of multi-step resistance selection by clinafloxacin, trovafloxacin, and ciprofloxacin

Strain

Initial MIC
(mg/ml) of: Selected resistance

MIC (mg/ml)
of resistant
mutant toa:

Mutation(s) in QRDR of
resistant mutantsb

Difference of MIC
with reserpine

withg:

TROd CIPe CLXf Selecting
agent

No. of
passagesc

MIC
(mg/ml) TRO CIP CLX ParC GyrA ParE GyrB TRO CIP CLX

1 0.13 1 0.06 TRO 32 8 4 32 0.5 S793Y S813Y — — — — —
CIP 14 32 0.25 8 0.25 — — — — — 83 —
CLX 32 16 1 64 1 D833G S813Y — — — 83 —

2 0.13 1 0.06 TRO 50 1 0.25 4 0.13 H1023Y — — — — — —
CIP 14 64 0.25 8 0.25 — — — — — — —
CLX 50 2 0.25 32 1 — — — — — — —

3 0.06 1 0.06 TRO 32 8 8 32 0.5 S793Y S813F — — — 43 —
CIP 14 64 4 32 2 S793F S813F — R4453S — — —
CLX 32 16 2 128 2 D833N S813F — — — 83 43

4 0.06 1 0.06 TRO 50 2 1 4 0.13 D833G, A1153P — — — — — —
CIP 36 32 0.25 2 0.25 D833H — — — — — —
CLX 50 4 0.5 16 1 — S813Y — — — — —

5 0.06 1 0.06 TRO 50 2 2 8 0.5 S793F — — — — — —
CIP 17 32 0.13 4 0.13 — — — — — 83 43
CLX 50 8 4 128 4 S793F S813Y — — — 83 43

6 0.06 1 0.06 TRO 50 2 1 4 0.5 — E853K — — — — —
CIP 14 32 0.25 16 0.5 — — — — — 83 83
CLX 50 4 0.5 32 2 — S813F P4543S — — 83 83

7 0.06 1 0.06 TRO 32 16 8 64 2 D833N S813L E4743K — — — —
CIP 39 32 0.25 16 0.25 — — — — — 43 —
CLX 50 2 0.25 16 1 — — — — — — —

8 0.13 1 0.06 TRO 47 8 8 128 2 D833Y, S1073Y S813F — — — 43 43
CIP 14 64 0.5 32 0.5 D833N — — — — 43 —
CLX 50 2 0.5 32 2 — — — — — 83 43

9 0.13 4 0.13 TRO 30 16 16 64 1 S793Y S813F R4473C — — 43 —
CIP 15 32 0.25 32 0.13 — — R4473C — — 43 43
CLX 50 4 0.5 64 2 — — — — — 83 43

10 2 32 0.5 TRO 50 8 8 64 2 — S813Y — G4063S — 43 —
CIP 36 256 2 128 2 — — — — — 83 43
CLX 50 1 4 32 1 — S813F — G4063S — — —

a MICs determined after 10 days of antibiotic-free subculture.
b Parent strains 4 and 9 had a mutation in ParC (K1373N); parent strains 1, 3, 4, 6, 7, 9, and 10 had a mutation in ParE (14603V); parent strain 10 also had mutations

in ParC (K503E, S793F) and GyrA (S813C). —, no mutation between parent and resistant mutant strains.
c Number of passages required to select resistant mutants.
d TRO, trovafloxacin.
e CIP, ciprofloxacin.
f CLX, clinafloxacin.
g —, no difference between parent and resistant mutant strains for reserpine effects. For no strains were trovafloxacin or clinafloxacin MICs for parent strains lower

in the presence of reserpine. No ciprofloxacin MICs for parent strains 1 to 7 and 10 were lower. For parent strains 8 and 9 ciprofloxacin MICs were four times lower
with reserpine. 83, eight times the MIC; 43, four times the MIC.
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Frequency of single-step spontaneous mutation rate. Re-
sults for each strain are listed in Table 3. For eight strains for
which the clinafloxacin MICs were 0.06 mg/ml, mutation rates
with clinafloxacin at the MIC were lower (2.031029 to
,1.1310211) than with trovafloxacin (5.031024 to 3.631029)
or ciprofloxacin (4.831024 to 6.731029) at the MIC. For an-
other two strains for which the clinafloxacin MICs were 0.125
to 0.5 mg/ml, mutation rates with clinafloxacin at the MIC were
lower than those with the other quinolones. For all strains,
single-step spontaneous mutants could not be detected with

each drug at 4, 8, and 16 times the MIC. Gene sequencing in
the QRDRs of ParC and GyrA and MIC testing with reserpine
were carried out for single-step mutants of strain 8. Mutant
strains selected at one and two times the MICs of trovafloxacin
had mutations in ParC (one times the MIC of trovafloxacin,
Ser793Tyr; two times the MIC of trovafloxacin, Ser793Phe),
but not in GyrA; mutant strains selected at one and two times
the MICs of ciprofloxacin and at the MIC of clinafloxacin had
no mutations in either ParC or GyrA. There were no mutations
in ParE and GyrB. For none of these five single-step resistant

TABLE 2. Distribution of quinolone MICs in parent and mutant strains

Quinolone Strain
No. of parent (n 5 10) and mutant strains (n 5 30) for which the MIC (mg/ml) was:

0.06 0.125 0.25 0.5 1.0 2.0 4.0 8.0 16.0 32.0 64.0 128.0

Trovafloxacin Parent 5 4 0 0 0 1 0 0 0 0 0 0
Mutant 0 1 9 5 3 3 4 4 1 0 0 0

Ciprofloxacin Parent 0 0 0 0 8 0 1 0 0 1 0 0
Mutant 0 0 0 0 0 1 4 3 4 9 5 4

Clinafloxacin Parent 8 1 0 1 0 0 0 0 0 0 0 0
Mutant 0 4 4 6 6 9 1 0 0 0 0 0

TABLE 3. Frequency of single-step mutation for 10 strains of S. pneumoniae

Strain Selecting drug Initial MIC (mg/ml)
Mutation frequency at drug concn showna

MIC 23MIC 43MIC

1 Trovafloxacin 0.125 1.6 3 1025 ,2.0 3 10210 ,2.0 3 10210

Ciprofloxacin 1 1.3 3 1024 ,2.0 3 10210 ,2.0 3 10210

Clinafloxacin 0.06 ,2.0 3 10210 ,2.0 3 10210 ,2.0 3 10210

2 Trovafloxacin 0.125 5.0 3 1024 ,1.0 3 10211 ,1.0 3 10211

Ciprofloxacin 1 4.8 3 1024 2.9 3 1029 ,1.0 3 10211

Clinafloxacin 0.06 ,1.0 3 10211 ,1.0 3 10211 ,1.0 3 10211

3 Trovafloxacin 0.06 1.0 3 1025 1.2 3 1026 ,5.2 3 10210

Ciprofloxacin 1 1.7 3 1024 5.4 3 1026 ,5.2 3 10210

Clinafloxacin 0.06 ,5.2 3 10210 ,5.2 3 10210 ,5.2 3 10210

4 Trovafloxacin 0.06 1.9 3 1025 1.2 3 1027 ,2.3 3 10210

Ciprofloxacin 1 4.5 3 1025 3.3 3 1027 ,2.3 3 10210

Clinafloxacin 0.06 ,2.3 3 10210 ,2.3 3 10210 ,2.3 3 10210

5 Trovafloxacin 0.06 7.0 3 1026 1.0 3 1027 ,2.5 3 10210

Ciprofloxacin 1 1.5 3 1025 5.0 3 1029 ,2.5 3 10210

Clinafloxacin 0.06 2.0 3 1029 ,2.5 3 10210 ,2.5 3 10210

6 Trovafloxacin 0.06 1.3 3 1027 ,8.8 3 10210 ,8.8 3 10210

Ciprofloxacin 1 3.9 3 1026 ,8.8 3 10210 ,8.8 3 10210

Clinafloxacin 0.06 ,8.8 3 10210 ,8.8 3 10210 ,8.8 3 10210

7 Trovafloxacin 0.06 3.6 3 1029 1.6 3 10210 ,1.1 3 10211

Ciprofloxacin 1 6.7 3 1029 ,1.1 3 10211 ,1.1 3 10211

Clinafloxacin 0.06 ,1.1 3 10211 ,1.1 3 10211 ,1.1 3 10211

8 Trovafloxacin 0.125 3.5 3 1026 1.5 3 1028 ,6.7 3 10210

Ciprofloxacin 1 1.4 3 1024 1.7 3 1027 ,6.7 3 10210

Clinafloxacin 0.06 ,6.7 3 10210 ,6.7 3 10210 ,6.7 3 10210

9 Trovafloxacin 0.125 3.3 3 1026 8.3 3 1028 ,3.3 3 10210

Ciprofloxacin 4 2.3 3 1025 2.0 3 1027 ,3.3 3 10210

Clinafloxacin 0.125 9.6 3 1028 ,3.3 3 10210 ,3.3 3 10210

10 Trovafloxacin 2 6.7 3 1028 1.2 3 1028 ,5.6 3 10210

Ciprofloxacin 32 2.4 3 1027 5.6 3 1028 ,5.6 3 10210

Clinafloxacin 0.5 1.1 3 1028 ,5.6 3 10210 ,5.6 3 10210

a Concentration shown as multiples of the MIC of agent against parent strain.
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mutants were the trovafloxacin MICs lower in the presence of
reserpine. However, the ciprofloxacin MICs for all of the mu-
tants were lower (four to eightfold), and for four of them
clinafloxacin MICs were lower (fourfold) in the presence of
reserpine.

Time-kill studies for parent strains and multistep resistant
mutants. Clinafloxacin showed 99.9% killing of all three parent
strains and three of the resistant mutant strains at two times
the MIC after 24 h and 99% killing of all of strains after 12 h.
Trovafloxacin showed 99.9% killing of all parent strains and
two of three resistant mutant strains at four times the MIC

after 24 h. Ciprofloxacin showed 99.9% killing of all three
parent strains and three resistant mutant strains at two times
the MIC after 24 h. An example of kill kinetics is presented in
Fig. 1.

DISCUSSION

This study is the first of which we are aware which simulta-
neously examines single and multistep selection for quinolone
resistance in pneumococci. We were readily able to select
quinolone-resistant S. pneumoniae mutants after serial pas-

FIG. 1. Time-kill study for clinafloxacin against parent 6 (clinafloxacin MIC, 0.06 mg/ml) (A) and strain 6 resistant mutant selected by clinafloxacin (clinafloxacin
MIC, 2 mg/ml) (B).
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sages in subinhibitory concentrations of trovafloxacin, cipro-
floxacin, or clinafloxacin. Five mutant strains selected by cip-
rofloxacin became resistant (MIC $ 4 mg/ml) to ciprofloxacin
more rapidly (14 subcultures) than mutants selected by trova-
floxacin or clinafloxacin. The minimum number of subcultures
required to select resistant mutants was 30 with trovafloxacin
and 32 with clinafloxacin. The frequencies of spontaneous sin-
gle-step mutation with clinafloxacin were lowest compared to
the other two quinolones (20).

Gene sequencing of the QRDRs of parC and gyrA in this
study has shown, as in previous studies, that the mutations
associated with quinolone resistance were Ser793Phe or Tyr
and Asp833Gly or His or Asn in ParC and Ser813Phe or Tyr
and Glu853Lys in GyrA (9, 11, 18, 19, 20, 26, 27). Mutations
not previously described for S. pneumoniae that were also
associated with quinolone resistance were His1023Try,
Ala1153Pro, or Ser1073Tyr in ParC and Ser813Leu in
GyrA. All of the five high-level trovafloxacin-resistant mutants
(MICs $ 8 mg/ml) selected by trovafloxacin had mutations in
both ParC and GyrA as described previously (7, 11, 27), except
for one mutant (strain 10) selected by trovafloxacin (trova-
floxacin MIC, 8 mg/ml) that had no additional mutation com-
pared to its parent strain in ParC. Three high-level ciproflox-
acin-resistant mutants selected by ciprofloxacin also had
mutations in both ParC and GyrA, but one of them had mu-
tations only in ParC; another had mutations in both ParC and
ParE. A strain 9 mutant selected by clinafloxacin (clinafloxacin
MIC, 2 mg/ml), for which the parent strain had a preexisting
mutation in ParC, did not have any further mutations in GyrA.

Gene sequencing of the QRDRs of parE in this study has
shown, as in previous studies by Pan and Fisher (20), that
mutations at Pro454 are associated with quinolone resistance.
A strain 6 mutant selected by clinafloxacin (clinafloxacin MIC,
2 mg/ml) had mutations in GyrA (Ser813Tyr) and ParE
(Pro4543Ser) but not ParC. This result may suggest parE
mutation is also important for clinafloxacin resistance in strains
with resistance with a gyrA mutation. Although ParC seems to
be the target of trovafloxacin and ParC and GyrA seem to be
the targets of clinafloxacin, exceptions may occur, e.g., strain 4
and 6 mutant strains, which are quinolone resistant with a
single mutation in GyrA.

Mutations at Arg447 in ParE have not been described pre-
viously and were found in two quinolone-resistant mutants
(strain 9 mutants selected by trovafloxacin and ciprofloxacin).
The significance of this mutation is not clear, because mutants
selected by trovafloxacin also had mutations in both ParC and
GyrA and the mutant selected by ciprofloxacin also had a
mutation in ParC, which was reported as the primary cipro-
floxacin target by Pan and Fisher (19). A similar interpretation
applies to strains with mutations in the QRDR of GyrB. A
strain 3 mutant selected by ciprofloxacin had a mutation in
GyrB (Arg4453Ser) and had mutations in both ParC and
GyrA, and strain 10 mutants selected by trovafloxacin and
clinafloxacin had a mutation in GyrB (Gly4063Ser) and had
mutations in both ParC and GyrA. Therefore, it is unclear
what role GyrB mutations have in quinolone resistance. Time-
kills showed that all resistant clones were killed by concentra-
tions at or above two times the MIC after 24 h.

For two parent strains and 17 of the 30 mutants the MICs of
at least one of the quinolones was lower in the presence of
reserpine, which suggests the involvement of an efflux mecha-
nism described previously by Baranova and Neyfakh and Bren-
wald et al. (2, 4). However, this effect was not seen equally for
the three quinolones studied. The ciprofloxacin MIC for par-
ent strain 9, for which the ciprofloxacin MICs were higher (4
mg/ml), was four times lower in the presence of reserpine.

However, this parent strain also had a mutation in ParC, which
is the target for ciprofloxacin resistance (19). The role of efflux
in mutant strain 8 was unclear because parent strain 8 (cipro-
floxacin MIC, 1 mg/ml) also had an efflux mechanism. Trova-
floxacin MICs were not affected by reserpine in this study,
suggesting that trovafloxacin is a poor substrate for PmrA or
other reserpine-inhibitable pumps in those strains of pneumo-
cocci in which there was a substantial reserpine effect for the
other drugs (10).

For strain 2 and 8 mutants selected by clinafloxacin, the
clinafloxacin MICs were 16 to 32 times greater than the clina-
floxacin MICs for parent strains, but no mutations in the
QRDR of ParC, GyrA, ParE, and GyrB were found in these
mutants. The clinafloxacin MICs of a strain 8 mutant selected
by clinafloxacin was four times lower in the presence of reser-
pine. This suggests that an efflux mechanism plays an impor-
tant role in clinafloxacin resistance, while this mechanism may
play a limited role for trovafloxacin. The trovafloxacin, cipro-
floxacin, or clinafloxacin MICs for the strain 2 mutant did not
change in the presence of reserpine. This result suggests that
quinolone resistance mechanisms other than mutations in the
QRDR and efflux mechanisms exist or that reserpine did not
affect the efflux mechanism of this strain. Two strains (strain 1
and 3 mutants selected with clinafloxacin) which showed un-
stable increased resistance had the efflux mechanism, which
was lost with subsequent subcultures.

In our study, most high-level clinafloxacin-resistant mutant
strains had mutations in ParC at Ser79 or Asp83 and GyrA at
Ser81 as previously reported (20). The efflux mechanism was
also thought to be a resistance mechanism for clinafloxacin.
Single and multistep testing showed clinafloxacin selected re-
sistant mutants less frequently than trovafloxacin and cipro-
floxacin. These in vitro results may suggest that clinafloxacin
would be less likely than trovafloxacin or ciprofloxacin to result
in the development of resistance.

Although the quinolone MICs for mutants selected by all
three agents increased equally above those for parent strains,
MICs of clinafloxacin and trovafloxacin remained below the
susceptible breakpoints of these agents in about two-thirds of
the mutants. Results of this study indicate that this class of
compound has potential for treatment of pneumococcal infec-
tions, including those caused by strains resistant to older quin-
olones.
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