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We developed a simplified assay for estimating efflux by measuring the effect of reserpine on the growth of
Streptococcus pneumoniae and Staphylococcus aureus over 7 h. Reserpine enhanced ciprofloxacin and levofloxa-
cin 17 to 68%. The hydrophobic drug trovafloxacin and the drug moxifloxacin, with a bulky C-7 substituent but
hydrophilicity similar to that of levofloxacin, showed little (0 to 11%) reserpine-enhancing effect. The ease of
resistant mutant strain selection correlated with efflux susceptibility.

Mechanisms of resistance to fluoroquinolones include mu-
tations in DNA gyrase and topoisomerase IV genes (7) and
active efflux of agents from the cell (13). Efflux may permit
short-term bacterial survival that then leads to adaptive fluoro-
quinolone resistance via a mutation(s) at key drug target sites.
Energy-dependent efflux has been reported in both Staphylo-
coccus aureus and Streptococcus pneumoniae (2, 3, 4, 6, 9,
17–19, 24, 25). Structural differences among fluoroquinolones,
notably overall molecular hydrophobicity and bulkiness of the
C-7 substituent, are thought to influence the efficiency of efflux
(21, 23, 24).

In this work, we developed a simple and sensitive growth
inhibition assay to compare the effects of the plant alkaloid
reserpine, a specific inhibitor of active efflux (2, 12), on struc-
turally variant fluoroquinolones. We also hypothesized that
avoiding active efflux makes a fluoroquinolone more lethal at
lower concentrations and thus more difficult for bacteria to
develop chromosomal mutations leading to high-level resis-
tance (20). We tested this hypothesis by selecting for S. pneu-
moniae mutants with different fluoroquinolone agents.

S. aureus strains SA-1199 and SA-1199B (8) and S. pneu-
moniae CP1000 (22) were used in this study. Todd-Hewitt broth
(Difco Laboratories, Detroit, Mich.) supplemented with 0.5%
yeast extract (THBY) was used for studies of S. pneumoniae,
while S. aureus was grown in Mueller-Hinton broth (MHB;
Difco). Casein hydrolysate-yeast extract-tryptone (CAT) agar
(Difco) was used for selection of resistant mutants. Fluoro-
quinolones were provided by their manufacturer: levofloxacin
was from Ortho-McNeil Pharmaceuticals (Raritan, N.J.), cip-
rofloxacin and moxifloxacin were from Bayer Corporation
(West Haven, Conn.), sparfloxacin was from Rhône-Poulenc
Rorer R-D (Vitry-sur-Seine, France), and trovafloxacin was
from Pfizer Pharmaceuticals Group (New York, N.Y.). Sus-

ceptibility testing was done according to recommended meth-
ods (15). All testing was performed at least in duplicate.

Evaluation of the effect of reserpine. The accumulation of
ciprofloxacin determined by fluorometry was measured by the
method of Mortimer and Piddock (14). The growth inhibition
assay developed was done as follows. S. aureus and S. pneu-
moniae were inoculated at 1 3 106 to 2 3 106 CFU/ml into
tubes with MHB and THBY medium, respectively, containing
each fluoroquinolone at a concentration of one-fourth the de-
termined MIC, either alone or with 10 mg of reserpine per ml
(R. Beyer, E. Pestova, V. Stosor, G. A. Noskin, and L. R. Peter-
son, Abstr. Infect. Dis. Soc. Am. 36th Gen. Meet. 1998, abstr.
50, p. 84, 1998). Growth in ethidium bromide (EtBr) was con-
ducted at 1/4 the MIC for strain SA-1199, 1/8 the MIC for
strain SA-1199B, and 1/16 the MIC for strain CP1000. EtBr
was included as a known substrate of NorA efflux (10, 16, 17).
All strains were grown in reserpine alone, and the data were
normalized for any effect on growth. Measurements were de-
termined upon inoculation of each culture and over 6 to 7 h of
incubation at 35°C. The extent of growth inhibition by each
fluoroquinolone was determined by comparing the optical den-
sities at 550 nm (OD550) of cultures to those of controls at
mid-log growth phase (percent decrease in OD) at 6.5 h.

Selection of mutants. First-step mutants were obtained by
exposing S. pneumoniae CP1000 to four doubling fluoroquin-
olone concentrations, starting at the MIC of each agent. Be-
tween 108 and 109 cells from an S. pneumoniae CP1000 culture
were plated onto the top layer of CAT agar on a two-layer
plate, with a doubled concentration of the corresponding flu-
oroquinolone in the bottom layer of the agar. A total of 1010

CFU (on multiple plates) was used at each drug concentration,
and cells were harvested after 48 h of incubation at 35°C.
Second-step mutants of CP1000 were obtained by the same
procedure.

Activity of fluoroquinolones against S. pneumoniae and
S. aureus. The MICs for CP1000 are shown in Table 1. The
MIC results for SA-1199 and SA-1199B, respectively, were as
follows: EtBr, 4.0 and 32.0 mg/ml; ciprofloxacin, 0.5 and 8.0
mg/ml; levofloxacin, 0.25 and 1.0 mg/ml; moxifloxacin, 0.06 and
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0.12 mg/ml; sparfloxacin, 0.12 and 0.25 mg/ml; and trovafloxa-
cin, 0.06 and 0.12 mg/ml.

Figure 1A illustrates the effect of 20 mg of reserpine per ml
on the accumulation of ciprofloxacin by S. aureus strain SA-
1199B as assessed by the fluorometric method and is consistent

with the results of previous studies (3, 11, 12). However, this
fluorescence method for determining accumulation is effective
only for those drugs that fluoresce, such as levofloxacin and
ciprofloxacin (with a fluorescence of 34.43 fluorescence units
[FU] and 37.42 FU, respectively, at 10 mg/ml). Fluoroquino-
lones that fluoresce poorly, such as trovafloxacin (with a fluo-
rescence of 0.939 FU), and sparfloxacin, which fluoresces
poorly even at 50 mg/ml (21), require a different method for
estimating efflux. The growth inhibition assay reproduced the
reserpine-mediated effect for both our S. pneumoniae and
S. aureus test strains, reflected as a potentiation of ciprofloxa-
cin activity. The dose-response plot in Fig. 1B demonstrates
the effect of 10 mg of reserpine per ml on the growth of SA-
1199B. Similar patterns were demonstrated for S. aureus SA-
1199 and for S. pneumoniae CP1000 (data not shown). This
observation reflects the action of reserpine upon the NorA-
dependent active efflux mechanism in S. aureus and a homol-
ogous system, PmrA, in S. pneumoniae (3, 11, 12). The effect is
also demonstrated in our growth inhibition assay (Fig. 1C).

Reserpine effect on structurally variant fluoroquinolones.
Figure 2 depicts the magnitude of the growth inhibition effect
of reserpine, shown as a percent inhibition (decrease) of growth
at the 6.5-h time point in mid-log phase. Growth of all three
strains in EtBr showed a minimum decrease in OD of 73%,
providing evidence of reserpine-mediated inhibition of EtBr
efflux. Similarly, there was strong reserpine-mediated growth
inhibition for ciprofloxacin and levofloxacin. This decrease in
growth with reserpine was most notable in S. aureus strain
SA-1199B, which overexpresses the NorA protein.

Reserpine had little effect on growth in the presence of
moxifloxacin, sparfloxacin, and trovafloxacin. In strain SA-
1199B, we observed only a 4% decrease in OD for growth for
sparfloxacin plus reserpine and increases of 2 and 4% for
moxifloxacin and trovafloxacin, respectively. The increase in
growth was unexpected, but it must be remembered that export
systems have many substrates (1, 16) and that reserpine may
compete with quinolones at other sites in the organism which

FIG. 1. Reserpine-mediated inhibition of ciprofloxacin efflux and growth in ciprofloxacin of S. aureus strain SA-1199B. (A) Ciprofloxacin accumulation as measured
by a fluorometric method (at 10 mg of ciprofloxacin per ml), both with and without reserpine; (B) mid-log-phase OD values for growth of SA-1199B in various
ciprofloxacin concentrations, with and without reserpine; (C) growth inhibition assays for SA-1199B at one-fourth the MIC of ciprofloxacin, with and without reserpine.
Symbols: closed circles, experiments done with drug alone; open circles, experiments done with drug and reserpine; vertical bars, range of results obtained for the
duplicate experiments.

TABLE 1. Frequency of resistance selection in
S. pneumoniae CP1000

Selection agent
(MIC [mg/ml])

Drug concn/MIC
ratio (fold)

Drug concn
(mg/ml)

Mutation
frequencya

Levofloxacin (1.0) 1 1.0 4.2 3 1027

2 2.0 1.4 3 1029

4 4.0 1.4 3 1029

8 8.0 5 3 10210

Ciprofloxacin (0.5) 1 0.5 2.2 3 1027

2 1.0 1.2 3 1027

4 2.0 2.2 3 1029

8 4.0 4.5 3 1029

Sparfloxacinb (0.25) 1 0.25 2.0 3 1027

2 0.5 3.0 3 10210

4 1.0 ,10210

8 2.0 ,10210

Trovafloxacin (0.12) 1 0.12 2.5 3 1027

2 0.25 ,10210

4 0.5 ,10210

8 1.0 ,10210

Moxifloxacinb (0.12) 1 0.12 1.3 3 1027

2 0.25 ,10210

4 0.5 ,10210

8 1.0 ,10210

a Mutation frequency was calculated as the number of putative mutants di-
vided by the total number of cells in 1 ml of culture determined by the number
of colonies on plates containing an appropriate fluoroquinolone compared to the
number on plates without drug.

b Taken from Pestova et al. (Abstr. 99th Gen. Meet. Am. Soc. Microbiol.).
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could impede the antibacterial properties of the drug. Thus, it
should not be surprising that an increase in growth could occur
when bacteria are exposed to multiple compounds.

Emergence of resistant mutants. The frequencies of first-
step mutant selection are shown in Table 1. Those agents with
little reserpine-mediated effect demonstrated poor emergence
of first-step mutants once their MICs were exceeded. Sequence
analysis of mutant clones confirmed the presence of amino acid
substitutions in the appropriate fluoroquinolone targets (21;
E. Pestova, R. Beyer, G. A. Noskin, and L. R. Peterson, Abstr.
99th Gen. Meet. Am. Soc. Microbiol. 1999, abstr. A-37, p. 8,
1999). We found that once first-step mutants were generated,
the emergence of resistance increased with second-step mu-
tants selected on drug concentrations twice the first-step mu-
tant MIC of levofloxacin, ciprofloxacin, trovafloxacin, and
moxifloxacin, all occurring with frequencies ranging from 2 3
1026 to 1.8 3 1027.

Concluding comments. We validated a new method for as-
sessing the reserpine-mediated effect on fluoroquinolone efflux
that is not dependent upon fluorescence. Such a simplified
assay for estimating NorA-type efflux is needed because this
resistance mechanism is becoming increasingly important, and
an agar screening test may not be reliable since reserpine is
poorly soluble and present in agar as a suspension, not a so-
lution.

We found the degree of growth inhibition mediated by re-
serpine was lessened in the new bulkier and/or more hydro-
phobic agents moxifloxacin (solubility, 2.4 g/100 ml), sparfloxa-
cin (solubility, 0.11 g/100 ml), and trovafloxacin (solubility,
0.002 g/100 ml). However, the growth of organisms in the
smaller, more hydrophilic drugs ciprofloxacin (solubility,
3.5 g/100 ml) and levofloxacin (solubility, 2.5 g/100 ml) was
strongly inhibited by the presence of reserpine. Of the fluoro-
quinolones tested, ciprofloxacin has the least bulky C-7 sub-
stituent, a piperasine moiety, with levofloxacin and spar-
floxacin each carrying slightly larger piperasine derivatives.
Trovafloxacin and moxifloxacin have the bulkiest C-7 substitu-
ents, a cycropyl-fused and a piperasine-fused pyrrolidine ring,
respectively. It is also of interest that the overall hydrophobic-

ities of sparfloxacin and trovafloxacin are fairly similar, while
ciprofloxacin, levofloxacin, and moxifloxacin are much more
hydrophilic. Since moxifloxacin is relatively hydrophilic, bulk at
C-7 appears to be the key addition for its avoidance of active
efflux.

Our study also demonstrated the probability that avoiding
efflux results in a significantly decreased potential for emer-
gence of resistance on exposure to a fluoroquinolone. We were
unable to select for mutants from S. pneumoniae strain CP1000
at concentrations above the MIC of moxifloxacin and trova-
floxacin, while drug concentrations at least 8 times the MIC of
ciprofloxacin and levofloxacin yielded resistant mutants. Oth-
ers have shown that reserpine-mediated inhibition of the efflux
mechanism in S. aureus can lower the emergence of resistance
(11, 12). The reduced capacity to cause the efflux of fluoro-
quinolones, assuming that all penetrate the cell with equivalent
ease, may allow increased drug accumulation that facilitates
faster killing. This appears to eradicate the entire bacterial
population before adaptive mutations in DNA gyrase or topo-
isomerase IV emerge, leading to stable resistance.

The importance of preventing emergence of resistance is
pertinent in light of reports showing an increasing prevalence
of fluoroquinolone-resistant S. pneumoniae (5). Our results
provide an explanation at the molecular level for this clinical
observation. We also demonstrated in the second-step mutant
selection experiments, where resistant clones appeared more
readily with all the fluoroquinolones, that it becomes easier to
select for higher-level resistance once bacteria have accu-
mulated an initial resistance mutation. Therefore, to maintain
long-term antimicrobial activity, it is imperative to consider the
use of bulkier and/or more hydrophobic quinolones in initial
fluoroquinolone therapy and to avoid the increasing consump-
tion of less active agents that may enhance fluoroquinolone
class resistance development.
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FIG. 2. Effect of reserpine on the inhibition of growth by EtBr and structurally variant fluoroquinolone agents (CIPRO, ciprofloxacin; LEVO, levofloxacin; SPARF,
sparfloxacin; TROVA, trovafloxacin; MOXI, moxifloxacin). Each column represents the inhibition of growth by reserpine relative to growth without reserpine in the
presence of the same fluoroquinolone. All tests were done in duplicate.
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