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The susceptibilities of 56 Legionella pneumophila isolates (43 clinical and 15 environmental isolates) to
levofloxacin, ofloxacin, erythromycin, and rifampin were studied with buffered charcoal yeast extract (BCYE)
agar (inoculum, 104 CFU per spot), and the susceptibilities of five isolates were studied with buffered yeast
extract (BYE) broth (inoculum, 105 CFU/ml). The MICs inhibiting 90% of strains tested on BCYE agar were
0.125, 0.25, 1.0, and <0.004 mg/ml for levofloxacin, ofloxacin, erythromycin, and rifampin, respectively. The
MICs by the BYE broth dilution method were 1 to 3, 2, 1 to 2, and 1 tube lower than those by the agar dilution
method for levofloxacin, ofloxacin, erythromycin, and rifampin, respectively. The MBCs were 1 to 2 tubes
higher than the broth dilution MICs for levofloxacin, 1 to 3 tubes higher than the broth dilution MICs for
ofloxacin, 1 to 3 tubes higher than the broth dilution MICs for erythromycin, and the same as the broth dilution
MICs for rifampin. In kinetic time-kill curve studies, at drug concentrations of 1.0 and 2.0 times the MIC, the
most active drugs were levofloxacin and rifampin. At 72 h, concentrations of levofloxacin and rifampin of 2.0
times the MIC demonstrated a bactericidal effect against L. pneumophila. In contrast, at concentrations of 1.0
and 2.0 times the MICs regrowth was observed with ofloxacin and only a gradual decrease in the numbers of
CFU per milliliter was observed with erythromycin. Only a minor inhibitory effect was observed with 0.25 or
0.5 time the MICs of all drugs at 24 to 48 h, with regrowth occurring at 72 h. In kinetic time-kill curve studies,
combinations of levofloxacin plus rifampin, ofloxacin plus rifampin, and erythromycin plus rifampin at 72 h
demonstrated synergy at 0.5 time the MICs of each drug. However, at these concentrations only levofloxacin
plus rifampin demonstrated a synergistic bactericidal effect against L. pneumophila at 72 h. In contrast to
erythromycin or ofloxacin plus rifampin at 0.25 time the MICs, only levofloxacin plus rifampin demonstrated
synergy. Thus, levofloxacin demonstrated the best inhibitory and bactericidal effects against L. pneumophila
when it was studied alone or in a combination with rifampin.

The treatment of Legionnaires’ disease to date includes
erythromycin as the first-choice antimicrobial agent (8, 16, 23,
29). Other drugs include azithromycin, clarithromycin, fluoro-
quinolones, doxycycline, or trimethoprim-sulfamethoxazole. A
lack of comparative studies of these drugs in humans is well
known. It has been demonstrated that while erythromycin,
clindamycin, newer macrolides, and selected other antimicro-
bial agents are primarily inhibitory in their in vitro activities
against Legionella pneumophila, fluoroquinolones and rifampin
exhibit a rapid inhibitory and bactericidal activities which are
concentration dependent (1–6, 9–12, 15, 17–22, 24–26, 31–35,
39). To maximize clinical efficacy and minimize the selection of
resistant mutants, rifampin is frequently added to the therapy
with erythromycin, especially for the treatment of more severe
cases of Legionnaires’ disease (8, 16, 23, 29). Few in vitro
studies have compared the inhibitory and bactericidal activities
of fluoroquinolones with the addition of rifampin (2, 17, 27,
39). A common characteristic of the currently acceptable an-
timicrobial agents against L. pneumophila is their ability to
enter human phagocytes, where L. pneumophila is known to
persist (24, 38).
Levofloxacin is the more active isomer of the two optically

active isomers of ofloxacin (14, 37). Studies to date indicate

that the inhibitory activity of its DNA gyrase is equal to that of
ciprofloxacin. The concentrations of levofloxacin in serum and
tissue are higher than those of ciprofloxacin observed in animal
models, and the half-life of levofloxacin in serum is longer (14,
37). The inhibitory activity of levofloxacin is greater than those
of ofloxacin and ciprofloxacin except against members of the
family Enterobacteriaceae and Pseudomonas aeruginosa, against
which ciprofloxacin is more active (37).
The study described here was performed to demonstrate the

inhibitory activity of levofloxacin compared with those of
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TABLE 1. Comparative antimicrobial susceptibilities of 56
L. pneumophila isolates to levofloxacin, ofloxacin,

erythromycin, and rifampin by the agar
dilution technique

Antibiotic
MIC (mg/ml)a

50% 90% Rangeb

Levofloxacin 0.125 0.125 0.003–1
Ofloxacin 0.125 0.25 0.06–1
Erythromycin 0.25 1.0 0.06–1
Rifampin #0.004 #0.004 #0.004–0.008

a 50% and 90%, MICs inhibiting 50 and 90% of isolates tested, respectively.
b Includes data for two serogroup 4 isolates for which the MICs of levofloxacin,

ofloxacin, erythromycin, and rifampin were 1.0, 1.0, 1.0, and ,0.004 mg/ml and
0.5, 1.0, 1.0, and ,0.004 mg/ml, respectively.
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ofloxacin, erythromycin, and rifampin against L. pneumophila.
Furthermore, the bactericidal activity of levofloxacin with and
without rifampin was also compared with that of ofloxacin and
erythromycin in kinetic time-kill curve studies.

MATERIALS AND METHODS

Bacterial strains. A total of 56 nonduplicated L. pneumophila isolates were
obtained from the New York State Health Department and four local hospitals
in Albany, N.Y. Forty-one isolates were of clinical origin and 15 isolates were of
environmental origin. Species identification and serotyping were performed by
the Wadsworth Laboratories for Research, New York State Department of
Health. All but nine clinical isolates were serogroup 1; the other nine isolates
comprised four, two, two, and one isolate of serogroups 5, 4, 3, and 2, respec-
tively. All environmental isolates were serogroup 1. The isolates were stored at
2708C in skim milk.
Antimicrobial agents. Standard laboratory powders of the following antimi-

crobial agents were obtained from the indicated companies: levofloxacin and
ofloxacin, R. W. Johnson Pharmaceutical Research Institute, Raritan, N.J.;
erythromycin and rifampin, Sigma Chemical Co., St. Louis, Mo. Antibiotic so-
lutions were prepared, filter sterilized (pore size, 0.45 mm; Lab Product Sales,
Rochester, N.Y.), and used on the same day.
Susceptibility testing. Antimicrobial susceptibilities were determined by agar

dilution, broth dilution, and kinetic time-kill curve techniques as recommended
by the National Committee for Clinical Laboratory Standards (1990) (28a).
The microorganisms were grown in buffered yeast extract (BYE) broth (BBL

Microbiology Systems, Cockeysville, Md.) as described by Liebers et al. (25) for
24 h in a 358C water bath to a density of a McFarland no. 0.5 standard (108

CFU/ml). This bacterial density was diluted with BYE broth to 107 CFU/ml. The
bacterial inoculum was delivered to the surface of antibiotic-containing buffered
charcoal yeast extract (BCYE) agar (BBL Microbiology Systems) with a Steers
replicator (104 CFU per spot). The plates were incubated at 358C for 48 h in air.
The MIC was recorded as the lowest concentration of the drug at which there
was no growth or one discrete colony. A faint haze was disregarded. For five
isolates, MICs and MBCs were determined by the broth dilution technique.
Tubes containing BYE broth with twofold serial dilutions of four antibiotics were
inoculated with L. pneumophila (105 CFU/ml) and were incubated at 358C for 48
h. The MIC was recorded as the lowest antibiotic concentration demonstrating
no visible growth in BYE broth. The MBC was determined by removing 0.1 ml
of the bacterial suspension from subcultures demonstrating no visible growth and
inoculating the surface of BCYE agar. The plates were incubated at 358C for 48
h in air. The MBC was recorded as the lowest antibiotic concentration demon-
strating 99.9% killing of the bacterial inoculum. In kinetic time-kill curve studies,
the tube macrodilution BYE broth MIC was used, and the effects of levofloxacin,
ofloxacin, erythromycin, and rifampin were studied at 0.25, 0.5, 1.0, and 2.0 times
the MICs of the drugs. Subsequently, combinations of levofloxacin plus rifampin,
ofloxacin plus rifampin, and erythromycin plus rifampin were studied at 0.25 and
0.5 time the MICs of both antibiotics. Polypropylene tubes containing BYE broth
were inoculated with L. pneumophila obtained from the surfaces of BCYE agar
plates previously grown for 48 h. This bacterial suspension was incubated in a
shaking 358C water bath for 2 h to a density of a McFarland no. 0.5 standard (108

CFU/ml). Antibiotic-containing tubes with BYE broth were inoculated with the
organism at a starting concentration of 2.5 3 105 CFU/ml. All tubes were
incubated at 358C in a shaking water bath. At 6, 24, 48, and 72 h, 100-ml
suspensions were removed from individual tubes, serially diluted, and plated
onto the surfaces of BCYE agar plates. Following incubation at 358C for 48 h in
air, the plates were read with a colony counter (New Brunswick Scientific Co.,
New Brunswick, N.J.). Synergy was recorded if at 72 h we observed a 2-log
difference in activity with the drug combinations compared with the activity of
the most effective single drug. Antibiotic carryover experiments demonstrated no
drug carryover for all samples tested (36).

RESULTS
Susceptibilities by agar dilution technique. The comparative

antimicrobial susceptibilities of 56 nonduplicate L. pneumo-
phila isolates to levofloxacin, ofloxacin, erythromycin, and ri-
fampin are demonstrated in Table 1. The most active drug was
rifampin; this was followed by levofloxacin, ofloxacin, and
erythromycin (MICs inhibiting 90% of isolates tested, #0.004,
0.125, 0.25, and 1.0 mg/ml, respectively).
Inhibitory and bactericidal activities by the broth dilution

technique. Table 2 provides the MICs and MBCs of levofloxa-
cin, ofloxacin, erythromycin, and rifampin for five serogroup 1
L. pneumophila isolates. The most active inhibitory drug was
rifampin; this was followed by levofloxacin, ofloxacin, and
erythromycin (MICs, 0.0005 to 0.001, 0.03 to 0.06, 0.03 to 0.06,
and 0.06 to 0.5 mg/ml, respectively). The bactericidal activity
(MBC) was $4 tubes greater than the MIC of rifampin, 1 to 3
tubes greater than the MIC of levofloxacin, 1 to 2 tubes greater
than the MIC of ofloxacin, and $3 tubes greater than the MIC
of erythromycin. Table 3 provides the inhibitory activities of
the four test drugs against the same five strains of L. pneumo-
phila in both agar and broth dilution tests. Agar dilution MICs
were 1 to 3 tubes greater than those measured in broth for all
drugs tested.
Bactericidal activity as determined by kinetic time-kill

curves studies. A total of 238 kinetic curves were determined
in 21 experimental runs for three serogroup 1 clinical isolates
of L. pneumophila against levofloxacin, ofloxacin, erythromy-
cin, and rifampin at 0.25, 0.5, 1.0, and 2.0 times the MICs. As
demonstrated in Fig. 1A to D, at drug concentrations of 1.0
and 2.0 times the MIC, the most active drugs were levofloxacin
and rifampin. At 72 h, levofloxacin and rifampin at 2.0 times
the MIC demonstrated a bactericidal effect, with no regrowth

TABLE 2. Inhibitory and bactericidal activities of levofloxacin, ofloxacin, erythromycin, and rifampin against
five serogroup 1 L. pneumophila isolates by the broth dilution technique

Isolate

Levofloxacin Ofloxacin Erythromycin Rifampin

MIC
(mg/ml)

MBC
(mg/ml)

MIC
(mg/ml)

MBC
(mg/ml)

MIC
(mg/ml)

MBC
(mg/ml)

MIC
(mg/ml)

MBC
(mg/ml)

LB-428 0.03 0.06 0.03 0.25 0.125 .2.0 0.001 .0.015
LB-360 0.03 0.06 0.03 0.125 0.06 .2.0 0.001 .0.015
L-943 0.03 0.25 0.03 0.125 0.25 1.0 0.001 .0.015
L-1033 0.03 0.25 0.06 0.25 0.5 1.0 0.001 0.015
L-1043 0.06 0.25 0.06 0.125 0.25 1.0 0.0005 0.015

TABLE 3. Inhibitory activities of levofloxacin, ofloxacin,
erythromycin, and rifampin against five serogroup 1
L. pneumophila isolates by BCYE agar and BYE

broth dilution techniques

Isolate Method
MIC (mg/ml)

Levofloxacin Ofloxacin Erythromycin Rifampin

LB-428 Agar 0.06 0.125 0.25 0.008
Broth 0.03 0.03 0.125 0.001

LB-360 Agar 0.06 0.125 0.25 #0.004
Broth 0.06 0.03 0.06 0.001

L-943 Agar 0.125 0.125 1 #0.008
Broth 0.03 0.03 0.25 0.001

L-1033 Agar 0.125 0.125 1 #0.008
Broth 0.03 0.06 0.5 0.001

L-1043 Agar 0.25 0.25 1 #0.008
Broth 0.06 0.06 0.25 0.0005
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of L. pneumophila (Fig. 1A and D). In contrast, in studies with
1.0 and 2.0 times the MICs, regrowth was observed with ofloxa-
cin at 72 h and only a gradual decrease in the number of CFU
per milliliter was observed with erythromycin (Fig. 1B and C).
At lower drug concentrations (0.25 and 0.5 time the MIC), only
a minor inhibitory effect or no effect was demonstrated by all
drugs at 24 to 48 h and regrowth occurred at 72 h (data not
shown).
Combinations of levofloxacin plus rifampin, ofloxacin plus

rifampin, and erythromycin plus rifampin demonstrated syn-
ergy at 0.5 time the MICs of each drug (Fig. 2A to C). It was
noted, however, that the numbers of CFU per milliliter after
treatment with ofloxacin plus rifampin at 72 h showed only a
1-log difference from the numbers of CFU per milliliter of the
starting inoculum. At these concentrations, only levofloxacin
plus rifampin demonstrated a synergistic effect, with no re-
growth of L. pneumophila at 72 h. In contrast to erythromycin
or ofloxacin plus rifampin, at 0.25 time the MICs, only levo-
floxacin plus rifampin demonstrated synergy (Fig. 3A to C).

Thus, levofloxacin demonstrated the best inhibitory and bac-
tericidal effects against L. pneumophila when it was studied
alone or in a combination with rifampin.

DISCUSSION

Fluoroquinolones have been widely studied in vitro (1–6,
9–12, 15, 17–22, 24–26, 31–35, 39) and in systems including
macrophages (1, 9–11, 17–18, 24, 38) against L. pneumophila.
Our data support the evidence of the in vitro effectiveness of
fluoroquinolones against this microorganism. Furthermore,
our time-kill curve studies indicated the bactericidal effects of
levofloxacin and rifampin. However, this effect was observed
only at 2.0 times the MIC of either drug. Erythromycin and
ofloxacin at similar concentrations had inhibitory effects, with
evidence of regrowth of the organism at 72 h. Because of the
frequent addition of rifampin to patients seriously ill with in-
fections caused by L. pneumophila, our time-kill curve studies
included fluoroquinolone or erythromycin combinations with

FIG. 1. Kinetic time-kill curves for an L. pneumophila serogroup 1 isolate against levofloxacin (1-Ofx) (A), ofloxacin (B), erythromycin (Ery) (C), and rifampin (Rif)
(D). All antimicrobial agents were studied at 0.25, 0.5, 1.0, and 2.0 times the MICs. The MICs of levofloxacin, ofloxacin, erythromycin, and rifampin for this L.
pneumophila isolate were 0.03, 0.03, 0.125, and 0.001 mg/ml, respectively.
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rifampin. Although levofloxacin, ofloxacin, and erythromycin
at 0.5 time the MICs demonstrated synergy, only levofloxacin
in combination with rifampin at 0.25 time the MICs demon-
strated synergy, and at 0.5 time the MICs these combinations
showed a synergistic effect, with no regrowth of L. pneumo-
phila.
The mortality rate among patients with L. pneumophila in-

fections continues to be high, especially in bacteremic, immu-
nocompromised, and intubated patients (8, 16, 23, 29). It is
known from previous in vitro studies with and without the
inclusion of macrophages that the effect of erythromycin on L.
pneumophila is an inhibitory one (2, 18, 21, 24, 25, 31, 38). In
vivo comparative drug studies of the doses and lengths of
therapy needed in patients with different primary diseases are
lacking (8, 16, 23, 28–30). Therefore, the possible use of dif-
ferent cell-penetrating drugs other than macrolides, i.e., ri-
fampin or fluoroquinolones, has been investigated. Both ri-
fampin and fluoroquinolones studied in vitro inhibit or kill L.
pneumophila rapidly and therefore could be considered for use
in investigations of different therapies. While resistance to
rifampin in vivo during therapy has not been demonstrated (7),
it has been shown that in vitro resistance to rifampin develops
rapidly and to a high degree, while development of resistance

to ciprofloxacin is less rapid and develops to a considerably
lesser degree (2, 17, 27). Development of resistance to eryth-
romycin has been difficult to demonstrate. Therefore, the pos-
sible use of combinations, i.e., erythromycin with rifampin or a
fluoroquinolone plus erythromycin or rifampin, has been sug-
gested (8, 16, 23, 29). Our time-kill curve studies demonstrated
that levofloxacin plus rifampin showed rapid and complete
killing of L. pneumophila not only at 0.5 time the MICs but also
at 0.25 time the MICs in 72 h. There was no evidence of
antagonism, as suggested by previous studies (17).
The effectiveness of antibiotics against L. pneumophila has

been studied by using the in vitro broth or agar dilution tech-
nique, cellular in vitro infection models, as well as appropriate
animal models. Because L. pneumophila is an intracellular
pathogen, in vitro cellular infection or animal models are im-
portant when the effectiveness of new antimicrobial agents is
evaluated, and especially if their ability to enter the cell is
unknown. In our study all antimicrobial agents tested (fluoro-
quinolones, erythromycin, and rifampin) are known to enter
phagocytic cells, and therefore, their use in therapy has been
recommended (8). Levofloxacin is the levorotatory form of
ofloxacin. Levofloxacin has considerably greater antibacterial
activity, better tissue penetration, a longer half-life, higher
concentrations in serum, and longer postantibiotic effect than
ofloxacin (13, 14, 37). To date, its side effects have been found
to be similar to those of ofloxacin and other fluoroquinolones
(37). Our in vitro studies demonstrated that the MICs of levo-
floxacin for L. pneumophila were lower than those of ofloxacin
or erythromycin but higher than those of rifampin. Our studies
demonstrated that only levofloxacin and rifampin used singly
were bactericidal at 2.0 times the MICs in time-kill curve
studies and that a combination at 0.5 time the MIC of each of
levofloxacin and rifampin was the only drug combination dem-
onstrating not only synergy but also a bactericidal effect in
time-kill curve studies. Further in vitro studies on levofloxacin
including studies in macrophage systems and in vivo evaluation
of this fluoroquinolone are indicated.

FIG. 2. Kinetic time-kill curves for an L. pneumophila serogroup 1 isolate
against combinations of levofloxacin (1-Ofx) plus rifampin (Rif) (A), ofloxacin
plus rifampin (B), and erythromycin plus rifampin (C). Antimicrobial agents
were studied at 0.5 time the MICs. The MICs of the antimicrobial agents studied
for this L. pneumophila isolate are given in the Fig. 1 legend.
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