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With Streptococcus pneumoniae, moxifloxacin was 4- and 10-fold more effective than levofloxacin at restricting
selection of resistant mutants and at killing resistant mutants, respectively. The selection frequency for
first-step topoisomerase mutants was 1,000 times lower for moxifloxacin than for levofloxacin; this difference
was lost when second-step mutants were selected.

Resistance to penicillin and macrolides is widespread among
isolates of Streptococcus pneumoniae (6), and use of fluoro-
quinolones for treatment of pneumonia has increased (3). De-
creased fluoroquinolone susceptibility is being reported (3),
and resistant isolates have been recovered from patients after
levofloxacin has failed to effect a cure (15, 16, 19; R. J. David-
son, J. DeAzavedo, D. Bast, J. Arbique, R. Bethune, C. Dun-
can, A. McGeer, and D. E. Low, Abstr. 40th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 2103, p.127, 2000;
N. O. Fishman, B. Suh, L. M. Weigel, B. Lorber, S. Gelone,
A. L. Truant, and T. D. Gootz, 39th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. 825, p. 111, 1999). While the prev-
alence of resistance to levofloxacin is still low in the United
States, a five- to sixfold increase in resistance was recorded
between surveys of 1997 to 1998 and 1998 to 1999 (18). With
several bacteria, addition of a C-8-methoxy group to N-1 cy-
clopropyl fluoroquinolones improves potency against gyrase
and topoisomerase IV resistance mutants (7, 12–14, 20–22),
and work with clinical isolates of S. pneumoniae suggests that
the C-8-methoxy compound moxifloxacin might restrict the
selection of resistant mutants more effectively than levofloxa-
cin (1). The present study compared moxifloxacin and levo-
floxacin for selection of resistant mutants of S. pneumoniae in
vitro.

S. pneumoniae strain ATCC 49619 was grown as liquid cul-
tures in Todd-Hewitt broth (THB; Difco, Detroit, Mich.) con-
taining 10% sheep blood (Hemostat, Dixon, Calif.). For selec-
tion of resistant mutants, late-exponential-stage cultures were
applied to brain heart infusion (BHI; Difco) agar plates (�109

CFU/150-mm-diameter plate) containing 10% sheep blood
and either moxifloxacin (Bayer Corporation, West Haven,
Conn.) or levofloxacin (R. W. Johnson Pharmaceutical Re-
search Institute, Spring House, Pa.). Colonies were recovered
and retested for growth on the selecting concentration of flu-
oroquinolone. DNA was isolated, quinolone-resistance-deter-
mining regions (QRDRs) were amplified, and nucleotide se-
quences were determined as described previously (1, 19).
Lethal activity was determined by incubating bacteria grown as

liquid cultures (about 3 � 107 CFU/ml) with fluoroquinolone
at 37°C for 16 h. Aliquots from samples diluted into cold THB
were spotted in triplicate onto drug-free BHI agar containing
10% sheep blood. Colonies were counted after overnight in-
cubation at 37°C in the presence of 5% CO2.

Fluoroquinolone concentration dramatically affected the
recovery of resistant mutants. As the concentration in-
creased, the fraction of input cells recovered as mutant
colonies dropped sharply, passed through an inflection
point, and then continued to drop sharply (Fig. 1A). When
the QRDRs of genes encoding DNA gyrase (gyrA and gyrB)
and DNA topoisomerase IV (parC and parE) were deter-
mined, GyrA variants (Ser-81 to Tyr and Ser-81 to Phe) were
detected following moxifloxacin challenge, but only when 109

or more cells were tested. No mutation was found in gyrB,
parC, or parE. With levofloxacin, ParC variants (Ser-79 to Tyr
and Asp-83 to His) were recovered, but only when at least 1.8
� 106 cells were tested. No mutation was detected in gyrA,
gyrB, or parE. These data confirm that DNA gyrase is the
primary target for moxifloxacin, while topoisomerase IV is the
primary target for levofloxacin (15, 16). The 1,000-fold differ-
ence in selection of target mutants has been observed with
other pairs of fluoroquinolones (9). It may reflect intrinsic
differences between the targets. (With Escherichia coli, parC
resistance mutations are codominant with the wild type, while
gyrA mutations are recessive [10, 11].) Non-topoisomerase mu-
tants were recovered at low concentration: for some, reserpine
lowered the fluoroquinolone MIC (not shown), indicating in-
volvement of active efflux in reduced fluoroquinolone sus-
ceptibility (2). The concentration at which no mutant was
recovered when more than 1010 cells were tested (mutant pre-
vention concentration [MPC]) (8) was fourfold lower for moxi-
floxacin (Fig. 1A, arrowheads, and Table 1).

When second-step mutants were selected from a first-step
parC resistance strain (KD2138) by using moxifloxacin or levo-
floxacin, the inflection region was more pronounced than with
wild-type cells, and the MPC was higher (Fig. 1B). Determi-
nation of QRDR nucleotide sequences in mutant DNA
showed that gyrA parC double mutants were recovered (la-
beled arrows, Fig. 1B). Similar phenomena were observed with
a first-step gyrA resistance mutant (strain KD2139; Fig. 1C).
For both mutants, the MPC was higher for levofloxacin. This
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may reflect the inability of levofloxacin to kill resistant mutants
at the MPC (Fig. 2 and Table 1).

Several parameters obtained from the experiments de-
scribed above allow quantitative comparison of moxifloxacin
and levofloxacin (Table 1). First, moxifloxacin MICs required
to block colony formation by 99% (MIC99; unlabeled arrows in
Fig. 1) were 21, 62, and 17% of that of levofloxacin with
wild-type, gyrA-resistant, and parC-resistant cells, respectively.
The difference between the two mutants reflects the target
preference of the two compounds (16, 17). When the MPC is
taken as the ability to restrict the growth of the most resistant
mutant, moxifloxacin was four to five times more effective with
wild-type cells and resistant mutants. With respect to lethal
activity, moxifloxacin concentrations that allowed only 1% sur-
vival (LD99) were 18, 8, and 9% that of levofloxacin with
wild-type, gyrA-resistant, and parC-resistant cells, respectively.
Collectively, these data show that moxifloxacin is intrinsically
more active against wild-type and resistant S. pneumoniae.

From published pharmacokinetic measurements (4, 5, 18a),
we calculated that drug concentrations in serum were above
the MPC longer for moxifloxacin (38 h at the 400-mg dose)
than for levofloxacin (8 h at the 500-mg dose; 18 h at the
750-mg dose). The area under the time-concentration curve
that was above the MPC during 24 h for moxifloxacin was 4.5
times greater than that for levofloxacin (500-mg dose). Collec-
tively, these data support the previous conclusion (1) that drug
concentrations in serum are more likely to exceed the MPC of
moxifloxacin than that of levofloxacin with S. pneumoniae. Ad-
ditional work is required to provide estimates of available drug
at the relevant sites of infection.

The acquisition of a first-step parC mutation by levofloxacin
may have only a small effect on the ability of moxifloxacin to
prevent growth (compare MIC99s in Table 1); however, it in-
creases by several orders of magnitude the probability for ac-
quiring a second mutation (compare Fig. 1A with B). Thus,
preservation of the effectiveness of new fluoroquinolones, such
as moxifloxacin and gemifloxacin, may require avoiding the
selective enrichment of first-step mutants by older compounds
such as ciprofloxacin and levofloxacin.

We thank Marila Gennaro, Samuel Kayman, and Glenn Tillotson
for critical comments on the manuscript.

This work was supported by Bayer Corp. and NIH grant AI35257.

FIG. 1. Effect of fluoroquinolone concentration on the recovery of
single-step, resistant mutants. S. pneumonia was grown to late log
phase and then distributed at various dilutions to agar plates contain-
ing the indicated concentrations of moxifloxacin (open circles) or levo-
floxacin (solid circles). After incubation, colonies were counted, and
the fraction recovered was determined relative to the number of input
CFU. Unlabeled arrows indicate MIC99. The triangle indicates no
colony recovered at that drug concentration and bacterial load. The
dashed line indicates one colony recovered per 1010 cells tested. Sim-
ilar results were obtained in two independent experiments. Three
strains were tested: wild-type strain ATCC 49619 (A); strain KD2138,
a ParC (Ser-79 to Tyr) variant (B); and strain KD2139, a GyrA (Ser-81
to Phe) variant (C). Two double mutants were recovered from each
point indicated by an arrow, and the nucleotide sequence of the
QRDRs of gyrA and parC was determined for each mutant. Letters
indicate recovery of the following mutants: a (GyrA Ser-81 to Phe), b
(GyrA Ser-81 to Tyr), c (GyrA Glu-85 to Lys), and d (Par C Ser-79 to
Tyr). A single letter with an arrow indicates that both mutants exam-
ined had the same change.

TABLE 1. Effect of gyrA and parC resistance mutations on
fluoroquinolone activity

S. pneumoniae
strain

MIC99
(�g/ml)a

MPC
(�g/ml)a

LD99
(�g/ml)b

% Survival at
wild-type MPCb

Moxi-
floxacin

Levo-
floxacin

Moxi-
floxacin

Levo-
floxacin

Moxi-
floxacin

Levo-
floxacin

Moxi-
floxacin

Levo-
floxacin

ATCC 49619
(wild type)

0.15 0.7 0.5 2.3 0.22 1.2 0.004 0.008

KD2139 (gyrAr) 0.56 0.9 6 30 0.6 7.5 2.2 80c

KD2138 (parCr) 0.29 1.7 10 50 0.6 6.7 1.7 170c

a Data obtained from Fig. 1. A replicate experiment in each case gave similar
values.

b Data obtained from Fig. 2. A replicate experiment in each case gave similar
values.

c Survival was determined relative to that of cells present immediately before
addition of fluoroquinolone. Survival �100% indicates cell growth.
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FIG. 2. Survival of S. pneumoniae in the presence of fluoroquinolone. Cells were incubated in the presence of the indicated concentrations of
moxifloxacin (open circles) or levofloxacin (solid circles), after which they were plated on drug-free agar. Percent survival was calculated relative
to CFU at the time of drug addition. (A) Wild-type strain ATCC 49619. (B) gyrA resistance mutant strain KD2139. (C) parC resistance mutant
KD2138. MPCs, determined as described in the legend to Fig. 1, are indicated by arrows. Similar results were obtained in a replicate experiment.
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