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Fluoroquinolones are potent antibacterial agents that have
DNA gyrase and DNA topoisomerase IV as their intracellular
targets (for a review, see reference 4). Since these targets are
essential enzymes that are conserved among bacterial species,
fluoroquinolones are effective against a broad range of bacteria. However, many pathogens, such as Staphylococcus aureus,
Pseudomonas aeruginosa, and Neisseria gonorrhoeae, readily acquire resistance through the stepwise accumulation of mutations in genes encoding the two topoisomerases (for a review,
see references 4 and 9). Resistance can severely limit the clinical usefulness of fluoroquinolones, and many new derivatives
have been synthesized in an attempt to find more effective
compounds (for examples, see references 8, 12, and 13). We
recently noticed that several new compounds differ in their
abilities to restrict the selection of resistant mutants (3, 15).
Since this restriction was not readily predicted by the standard
bacteriostatic assay for potency (15), it was not obvious how
fluoroquinolone structure influences the development of resistant bacterial populations. To help define the relationships
between fluoroquinolone structure and resistance, we examined the effect of fluoroquinolone concentration on the recovery of resistant mutants. As described below, we observed a
complex relationship that depended on the bacterial species
being tested and on the structure of the fluoroquinolone.
Two bacterial species were examined for colony formation
on fluoroquinolone-containing agar. One organism, Mycobacterium bovis BCG, has DNA gyrase as its primary fluoroquinolone target (3), while the other, S. aureus, has DNA topoisomerase IV as its primary target (1, 5, 6, 10). M. bovis BCG
was cultured with Middlebrook 7H9 liquid medium enriched
with 10% albumin-dextrose complex and 0.05% Tween 80;
Middlebrook 7H10 agar plates were used for single-colony
isolation (7). S. aureus was cultured in CY liquid medium and
grown into colonies on GL agar plates (11). Both organisms
were grown to stationary phase in liquid medium, concentrated
by centrifugation (5,000 ⫻ g for 25 min), and then resuspended
in fresh medium. Aliquots containing up to 1011 cells were
applied to agar plates containing various fluoroquinolone concentrations; plates were incubated at 37°C for 30 to 42 days for
M. bovis BCG and 2 days for S. aureus. All colonies regrew on

agar containing the selecting fluoroquinolone. Fluoroquinolones were obtained from Sigma Biochemical Corp. (norfloxacin),
Miles Laboratories (ciprofloxacin), and Parke-Davis Pharmaceutical Co. (PD161148 and PD160793). Fluoroquinolone
structures are shown in Fig. 1.
As the fluoroquinolone concentration in agar plates increased, two sharp declines were observed in the fractions of
CFU recovered when wild-type cells were applied to plates
(Fig. 2). The first decline, which occurred around the MIC for
99% of input cells (MIC99; Fig. 2), we attributed to the inhibition of wild-type cell growth. Above the MIC, a concentration range existed in which the recovery of CFU declined more
gradually. The concentration range spanned by this part of the
response, the plateau region, varied from one fluoroquinolone
to another. For example, the region occurred over a much
narrower concentration range for a C-8-methoxy compound
(PD161148) than for its C-8-H derivative (PD160793) or for
ciprofloxacin (Fig. 2). Since the C-8-methoxy compound is
more active than its C-8-H derivative or ciprofloxacin against
first-step mutants (3, 14, 15), we attributed the plateau region
of the curve to the presence of resistant mutants. As shown in
Table 1, a nucleotide sequence analysis of DNA from colonies
recovered from ciprofloxacin-containing agar revealed alterations in the quinolone resistance-determining region of GyrA
(M. bovis BCG) and ParC (GrlA; S. aureus). In the case of S.
aureus, some colonies that were recovered at low concentra-
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FIG. 1. Fluoroquinolone structures. The arrow shown in PD161148 indicates
the C-8 position.
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When Mycobacterium bovis BCG and Staphylococcus aureus were plated on agar containing increasing concentrations of fluoroquinolone, colony numbers exhibited a sharp drop, followed by a plateau and a second sharp
drop. The plateau region correlated with the presence of first-step resistant mutants. Mutants were not recovered at concentrations above those required for the second sharp drop, thereby defining a mutant prevention concentration (MPC). A C-8-methoxy group lowered the MPC for an N-1-cyclopropyl fluoroquinolone.
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tions of ciprofloxacin lacked an expected mutation in the quinolone resistance-determining region of ParC. Genes associated
with resistance in these colonies have not yet been identified.
The second sharp drop in mutant recovery (Fig. 2) occurred
once the fluoroquinolone concentration was sufficient to block
the growth of first-step mutants. For example, the MIC for
first-step mutants of M. bovis BCG and S. aureus occurred at
about the same fluoroquinolone concentration as the second
drop in mutant recovery when wild-type cells were challenged
(Fig. 2). The plateau region seen with M. bovis BCG and S.
aureus differed in two ways. First, the plateau extended over a
greater range of fluoroquinolone concentration for M. bovis
BCG. This observation is consistent with the greater difference
in quinolone sensitivity between wild-type cells and first-step
mutants for M. bovis BCG (13- to 90-fold [3]) than for S. aureus
(about 2-fold [14]). Second, the number of mutants recovered
in the plateau region was 4 orders of magnitude higher for S.
aureus (Fig. 2), indicating that the S. aureus population contained many more first-step mutants. Differences in growth
rates and in the target compositions of the two species may
TABLE 1. Resistance alleles selected by plating
on ciprofloxacin-containing agar
Bacterial
species

Ciprofloxacin
concn (g/ml)

Amino acid
change(s)a

M. bovis BCG

0.5
2.25
3.75
5.25

A90V
D94G, D94N
D94N, D94N
D94N, D94N

S. aureus

0.2
0.3
0.4
0.6

NIb, NI
NI, S80Y
NI, S80Y
S80Y, S80Y

a

Mutations in GyrA (M. bovis BCG) or ParC (S. aureus) contain a letter
representing the wild-type amino acid followed by the codon number and a letter
representing the amino acid in the mutant. Abbreviations: A, alanine; D, aspartic
acid; N, asparagine; G, glycine; Y, tyrosine; V, valine; NI, not identified.

contribute to these findings: S. aureus contains both topoisomerase IV and gyrase, while M. bovis BCG probably contains
only the latter (an examination of the genomic nucleotide
sequence of M. tuberculosis, a closely related organism, failed
to identify genes likely to encode topoisomerase IV [2]).
The addition of a C-8-methoxy group to an N-1-cyclopropyl
fluoroquinolone lowered the concentration at which the second drop occurred and shortened the plateau region. The effect of adding the methoxy group was about a 10-fold decrease
in the case of M. bovis BCG and about a 2.5-fold decrease for
S. aureus (Fig. 2). These data suggest that the methoxy group
lowers the concentration required to prevent mutants from
being recovered, a parameter we call the mutant prevention
concentration (MPC). The MPC is estimated by determining
the minimal antibiotic concentration that results in recovery of
no mutants when large numbers of cells are applied to antibiotic-containing agar plates (the use of large numbers of cells,
on the order of 1010 for M. bovis BCG, ensures that the restrictive antibiotic concentration blocks the growth of first-step
mutants). The MPC depends on the number of cells applied;
consequently, a subscript is added to indicate the number of
cells tested (e.g., MPC1010 for 1010 cells applied to plates). This
qualification allows data from different organisms, antibiotics,
and laboratories to be compared. As with MIC determination,
fluoroquinolone concentrations in agar plates can be standardized by having successive concentrations differ by twofold.
When smaller increments are used, the MPC can be expressed
as a range between the highest concentration at which mutants

TABLE 2. Relationship between MIC and MPC in S. aureus
Fluoroquinolone

MIC99
(g/ml)

MPC1010
(g/ml)

MPC/MIC
ratio

Norfloxacin
Ciprofloxacin
PD160793 (C-8-H compound)
PD161148 (C-8 methoxy compound)

0.3
0.12
0.22
0.11

7
0.9
1
0.4

23
7.5
4.5
3.6
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FIG. 2. Effect of fluoroquinolone concentration on selection of resistant mutants. M. bovis BCG isolate KD1295 (A) and S. aureus MT5 (B) were plated on agar
containing the indicated concentrations of PD161148, a C-8-methoxy compound (open squares), PD160793, a C-8-H derivative (filled squares), or ciprofloxacin (open
circles). Panel A also shows the responses of the M. bovis BCG first-step mutant CX1 (3) to ciprofloxacin (filled circles); in panel B, half-filled squares show the
responses of a first-step parC (Cipr) mutant of S. aureus (strain KD1806) to treatment with the indicated concentrations of PD160793. After incubation to allow growth,
colonies were counted, and the fraction of the input number was determined. In the experiments shown, up to 1011 cells were applied to agar plates. The MIC99 for
each compound is indicated by arrows. Small arrowheads on the abscissa indicate the MPC1010 for the C-8-methoxy compound (m), C-8-H compound (h), and
ciprofloxacin (c).
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are recovered and the lowest at which they are not. For example, we performed five independent experiments with S. aureus
and obtained the following values for the MPC1010 of ciprofloxacin, expressed as the range defined above: 0.7 to 0.8, 0.8 to
0.9, 0.6 to 0.7, 0.8 to 0.9, and 0.8 to 0.9 g/ml. When only the
upper number in each range is considered, the standard deviation was about 10%. Fluoroquinolones that display superior
bacteriostatic activity (low MIC) are often quite effective at
preventing the selection of resistant mutants (low MPC). However, the relationship is not proportional (Table 2).
In conclusion, plots comparing antibiotic concentration to
the fraction of input cells recovered as resistant colonies discriminate among compounds and simplify identification of
those compounds least likely to allow bacterial populations to
become resistant. Such a measurement requires no information on the nature of the resistance alleles. The assay can be
simplified by determining the minimum concentration that
allows no mutants to be recovered when large numbers of
cells are applied to agar plates. This concentration, the MPC,
should be useful for establishing therapeutic antibiotic regimens, particularly for the long-term treatment of immunodeficient patients.

