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The emergence of fluoroquinolone resistance in sterile-site isolates of Streptococcus pneumoniae is docu-
mented in this study characterizing all invasive levofloxacin-resistant (MIC, >8 mg/liter) S. pneumoniae
isolates (n � 50) obtained from the Centers for Disease Control and Prevention Active Bacterial Core
Surveillance from 1998 to 2002. Resistance among all isolates increased from 0.1% in 1998 to 0.6% in 2001 (P �
0.008) but decreased to 0.4% in 2002, while resistance among vaccine serotypes continued to increase from 0.3%
in 1998 to 1.0% in 2002, suggesting that fluoroquinolones continue to exert selective pressure on these vaccine
serotypes. Only 22% of resistant isolates were not covered by the conjugate vaccine serogroups. Multilocus
sequence typing revealed that 58% of resistant strains were related to five international clones identified by the
Pneumococcal Molecular Epidemiology Network, with the Spain23F-1 clone being most frequent (16% of all
isolates). Thirty-six percent of the isolates were coresistant to penicillin, 44% were coresistant to macrolides,
and 28% were multiresistant to penicillin, macrolides, and fluoroquinolones. Fifty percent of the isolates were
resistant to any three drug classes. Ninety-four percent of the isolates had multiple mutations in the quinolone
resistance-determining regions of the gyrA, gyrB, parC, and parE genes. In 16% of the isolates, there was
evidence of an active efflux mechanism. An unusual isolate was found that showed only a single parE mutation
and for which the ciprofloxacin MIC was lower (2 mg/liter) than that of levofloxacin (8 mg/liter). Our results
suggest that invasive pneumococcal isolates resistant to levofloxacin in the United States show considerable
evidence of multiple resistance and of clonal spread.

Streptococcus pneumoniae is a common cause of invasive
bacterial disease worldwide and occurs in all age groups. It is
a major pathogen causing community-acquired pneumonia
and acute exacerbations of chronic bronchitis, meningitis, si-
nusitis, and otitis media. Invasive pneumococcal disease (IPD)
is defined as the isolation of S. pneumoniae from a normally
sterile site, e.g., blood, cerebrospinal fluid, or pleural fluid.
Before the introduction of conjugate vaccine, the overall inci-
dence of IPD reported in the United States was 23.2 per
100,000 population (35). Overall, 10% of those with invasive
disease die, but the case fatality ratio can be as high as 30.8%
among residents of long-term care facilities aged 65 years or
older (24). One of the determinants of outcome in IPD is the
appropriateness of antimicrobial therapy (12).

Whereas most studies have shown no increase in mortality in
patients with invasive disease infected with penicillin-resistant
pneumococci (11, 16), fluoroquinolone resistance has been
associated with clinical failure (7). Therefore, monitoring of

fluoroquinolone resistance in invasive pneumococci is of both
clinical and epidemiological importance.

Numerous studies of penicillin-resistant pneumococci in the
past 30 years show that the emerging increase in penicillin
resistance is mainly driven by the spread of a few successful
clones (23) that are also able to switch their serotypes. Twenty-
six international multiresistant clones (30; http://www.sph
.emory.edu/PMEN) have been defined. The assignment of iso-
lates to one of the international clones is based on multilocus
sequence typing (MLST) or pulsed-field gel electrophoresis
(PFGE) patterns of restriction enzyme-digested DNA.

In contrast to penicillin resistance, the importance of clonal
spread for the distribution of fluoroquinolone resistance is
controversial. In some areas, such as Hong Kong, there has
been an alarming increase in fluoroquinolone resistance (19),
and genetic analysis revealed that the overwhelming majority
of strains were identical or closely related to a single clone
(18). In contrast, surveillance studies to date from North
America have shown only a low prevalence of fluoroquinolone
resistance, and genetic analysis of these isolates revealed a
wider genetic diversity with only small numbers related to the
international clones (5, 9, 20, 42).

Resistance to fluoroquinolones in pneumococci occurs in a
stepwise fashion, with mutations observed in either parC or
gyrA (depending on the selecting fluoroquinolone) or both,
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leading to decreased fluoroquinolone susceptibility (33).
Strains usually become fully fluoroquinolone resistant with the
addition of a mutation in the other target gene (either gyrA or
parC) (33). Mutations in parE and gyrB may contribute to
resistance, and efflux also contributes to ciprofloxacin resis-
tance but influences resistance to other more active fluoro-
quinolones, usually to a lesser extent (15, 21, 33, 35, 38). The
objectives of this study were to determine whether invasive
levofloxacin-resistant (levofloxacin MICs, �8 mg/liter) clinical
isolates of S. pneumoniae collected from 1998 to 2002 in the
Active Bacterial Core Surveillance (ABCS) sites were cross-
resistant to other fluoroquinolones and to classes of other
antibiotics and whether these isolates were genetically related
to each other or to the major pandemic clones and to explore
the mechanisms of fluoroquinolone resistance in these isolates.

MATERIALS AND METHODS

Isolates. All sterile-site isolates for which the levofloxacin MIC was �8 mg/
liter that were collected from 1998 to 2002 by the Centers for Disease Control
and Prevention (CDC) as part of the ABCS were studied. The methods for case
identification and isolate collection have been previously described (42). The
isolates were recovered from California (San Francisco County), Connecticut,
Georgia (20-county Atlanta area), Maryland (6-county Baltimore area), New
York (7-county Rochester and 8-county Albany areas), Oregon (3-county Port-
land area), and Tennessee (11 urban counties). The surveillance areas comprised
�18.5 million persons at the beginning of 1999, and this increased to �19.8
million by mid-1999 with the addition of six counties in Tennessee.

Serotyping. Serotyping of strains was performed at the CDC by the standard
Quellung method, as described previously (14).

Antimicrobial susceptibility testing and efflux pump testing. Susceptibility to
fluoroquinolones (levofloxacin, ciprofloxacin, moxifloxacin, gatifloxacin, gemi-
floxacin, and garenoxacin) was determined by the agar dilution method in O2

according to standard procedures (31, 39). Fluoroquinolones were provided by
the manufacturers.

The presence of an efflux pump was investigated by determination of the MICs
of ciprofloxacin by the agar dilution method in the presence of reserpine (10
mg/liter). A fourfold decrease in the MIC in the presence of reserpine (two
dilution steps) was considered evidence for the presence of an efflux mechanism.
Data on susceptibility to other antibiotics were obtained from the CDC ABCS
database. The MICs in this database were determined by broth microdilution
according to NCCLS guidelines (31) at the CDC and the University of Texas
Health Science Center at San Antonio.

Levofloxacin MICs were tested by both broth dilution and agar dilution and
revealed similar results (all MICs are �1 dilution).

PFGE. Genomic DNA was prepared in situ in agarose blocks as described
previously (25, 28) and was digested with SmaI (Life Technologies, Gaithersburg,
Md.). The fragments were resolved by PFGE in 1% agarose (SeaKem GTG
agarose; BioWhittaker Molecular Applications, Rockland, Maine) in 0.5� Tris-
borate-EDTA buffer at 14°C and 6 V/cm in a CHEF-DR III system (Bio-Rad
Laboratories, Hercules, Calif.). The parameters for block 1 were an initial pulse
time of 1 s increased to 30 s over 17 h; those for block 2 were 5 s increased to 9 s

over 6 h. Bionumerics software (Applied-Maths, Kortrijk, Belgium) was used to
construct unweighted pair group method with arithmetic means dendrograms of
fragment patterns with the Dice coefficient. The Dice similarity coefficient was
used with optimization and position tolerance settings of 1.0 and 1.5%, respec-
tively. PFGE-based clusters were defined as isolates with �80% genetic relat-
edness on the dendrogram.

MLST. MLST was performed as previously described (10) using the modified
primers designed by Gertz et al. (13). Sequencing was performed with an ABI
3100 apparatus (Applied Biosystems, Foster City, Calif.). For analysis, MLST
alleles were downloaded from http://www.mlst.net for convenient screening with
the Wisconsin version 10.2 software package. Sequence types (STs) were as-
signed by comparing the allelic profile to the reference ST set at http://www
.mlst.net. Within the analyzed isolates, three new STs were discovered and
submitted to http://www.mlst.net.

PCR and DNA sequencing of the QRDR. The quinolone resistance-determin-
ing regions (QRDRs) of the topoisomerase type II genes parC, parE, gyrA,
and gyrB were amplified from extracted chromosomal DNA by PCR using the
primers and cycling conditions described by Pan et al. (33). The amplification
products were purified with ExoSAP-IT (USB Corp., Cleveland, Ohio). DNA
sequencing was performed using BigDye Terminator 1.1 Cycle (Applied Biosys-
tems) with the ABI 3100 automated sequencer.

Protein sequence accession numbers. The National Center for Biotechnology
Information Blastx program (http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/bl2
.html) was used for comparison of the QRDR nucleotide sequences with the
protein sequences of wild-type S. pneumoniae (R6). The following protein se-
quence accession numbers were used as references: gyrA, gi1503142; gyrB, gi
15902759; parC, gi 15902801; and parE, gi 15902800.

RESULTS

Demographics and trends. Fifty levofloxacin-resistant iso-
lates (MICs, �8 mg/liter) out of 15,432 ABC isolates tested
(overall prevalence, 0.32%) were identified in eight states from
1998 to 2002 (Table 1). The absolute number of strains de-
tected increased annually from 1998 to 2001 and decreased in
2002. The proportion of resistant strains increased from 0.1%
in 1998 to 0.6% in 2001 (P � 0.008; Yates corrected chi-square
test) but decreased to 0.4% in 2002. Resistance among conju-
gate vaccine serotypes continuously increased from 0.3% in
1998 to 1.0% in 2002 (Table 1 and Fig. 1).

Most isolates came from residents of Connecticut (n � 18),
Maryland (n � 10), and Georgia (n � 9). The majority of
strains were recovered from blood (n � 44; 88%), three strains
were isolated from pleural fluid, two from synovial fluid, and
one from peritoneal fluid. The most common diagnosis was
pneumonia (n � 40; 80%). In five cases of bacteremia, no focus
could be identified. Three patients presented with cellulitis,
and one each presented with septic arthritis and peritonitis. No
isolates from children were identified. The median age was 77

TABLE 1. Proportions of levofloxacin-resistant isolates per year among sterile-site pneumococci collected through ABCs

Parameter
Result in:

1998 1999 2000 2001 2002

Total no. of isolates 2,941 3,403 3,469 3,092 2,553
No. of vaccine serotypesa 1,099 1,265 1,292 1,178 800
Total no. of LFX-resistant isolates 4 8 9 18 11
No. of LFX-resistant isolates

vaccine serotypesa
3 4 7 11 8

Proportion of LFX resistance
among all isolates (%)

0.1 0.2 0.3 0.6 0.4

Proportion of LFX resistance
among vaccine serotypes (%)a

0.3 0.3 0.5 0.9 1.0

a Isolates of serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F recovered from patients �35 years of age.
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years (range, 36 to 98 years), with 50% of the patients between
61 and 85 years.

Serotypes and antimicrobial susceptibilities. Seventeen dif-
ferent serotypes were represented. The majority of the strains
belonged to serotypes 6B (n � 9; 18%), 23F (n � 6; 12%), and
14 (n � 6; 12%). Six percent (n � 3) of the strains were of
serotype 35B, a type not found in the 23-valent vaccine.

The MICs for six fluoroquinolones and other antibiotics
tested are shown in Table 2. Eighteen isolates (36%) were
resistant to penicillin, 22 (44%) were resistant to macrolides,
and 14 (28%) exhibited resistance to both. Twenty-five of the
isolates (50%) were multiresistant (i.e., resistant to �3 differ-
ent classes of antibiotics). Strains of serotypes 14 and 23F were
all multiresistant. Isolates of serotypes 3 (n � 3), 18C (n � 3),

and 22F (n � 2) were resistant only to fluoroquinolones and
susceptible to all other tested antibiotics.

Mechanisms of fluoroquinolone resistance. Sequencing of
the QRDRs of gyrA, gyrB, parC, and parE showed that most of
the isolates had mutations in both target enzymes (n � 47;
94%) (Fig. 2). In 13 strains, as many as four mutations could be
detected. Mutations were found most frequently in the prod-
ucts of gyrA (n � 43) and parC (n � 38). The majority of the
isolates also displayed mutations in the product of parE (n �
30), but only two strains with mutations in the product of gyrB
were found. In the gyrA product, only single mutations were
found, whereas 13 strains had double mutations in the product
of parC and four had double or triple mutations in the product
of parE. Isolate 110 displayed only the I460V mutation in the
product of parE. In this isolate, no evidence for an efflux pump
was obtained, suggesting the existence of a novel mechanism of
resistance that may include the presence of mutations outside
the QRDR. Unusually, the ciprofloxacin MIC for this isolate
(2 mg/liter) was fourfold lower than the levofloxacin MIC for
it.

Thirteen different mutations could be detected: four in the
product of gyrA (at S81 and E85), two in the product of gyrB (at
G486 and D435), four in the product of parC (at S79, D83, and
K137), and three in the product of parE (at I460, D435, and
E474). The presence or absence of parE and gyrB gene product
mutations had no discernible influence on the MICs.

In 8 out of the 50 isolates (16%), there was evidence for the
presence of an active efflux mechanism. Isolates without mu-
tations in the parC product (n � 7) exhibited significantly more
frequent efflux (43%) than isolates with mutations in the parC
product (n � 43; 11% with efflux; P � 0.04; Wilcoxon signed
rank test). The ciprofloxacin MICs were most affected by the
presence of an efflux pump. The pump had less effect on
levofloxacin MICs and had no effect on moxifloxacin MICs
(data not shown).

PFGE, MLST, and comparison with international clones.
The PFGE analysis revealed that the majority of the isolates
(n � 41; 82%) could be grouped into eight smaller clusters

FIG. 1. Proportion of levofloxacin-resistant invasive isolates per
year among vaccine serotypes and nonvaccine serotypes recovered
from patients �35 years old (ABCS, 1998 to 2002).

TABLE 2. Antibiotic susceptibilities of 50 investigated levofloxacin-resistant isolates

Drug MIC50 (�g/ml) MIC90 (�g/ml) Range (�g/ml) % Nonsusceptible % Resistant

Levofloxacin 16 16 8–32 100 100
Ciprofloxacin 32 64 2–64 100 98
Garenoxacin 0.5 1 0.125–2 NAa NAa

Gatifloxacin 4 8 0.25–8 92 84
Moxifloxacin 2 4 0.125–4 94 30
Gemifloxacin 0.25 0.5 0.125–1 44 44
Penicillin 0.06 4 0.03–8 42 36
Amoxicillin 0.06 2 0.03–8 28 18
Cefuroxime 0.25 8 0.12–8 42 42
Cefotaxime 0.06 2 0.06–8 32 14
Meropenem 0.12 1 0.06–2 38 20
Erythromycin 0.12 32 0.03–64 44 44
Clindamycin 0.06 2 0.03–4 14 14
Chloramphenicol 4 16 2–16 18 18
Rifampin 2 4 1–4 2 0
Tetracycline 2 8 1–8 20 20
Co-trimoxazole 2 8 0.12–8 50 46
Vancomycin 0.25 0.5 0.12–0.5 0 0
Quinupristin-dalfopristin 1 4 1–4 26 24

a NA, not applicable, since there are no breakpoints defined yet.
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(defined as a group of strains with n of �2) and four large
clusters (n � 5). Interestingly, the majority of the strains within
one cluster (cluster 2), related to the international clone
Spain23F-1, displayed identical or very similar QRDR patterns
(Fig. 3). These strains were isolated from four states across the
United States. Cluster 2, the largest identified, included eight
isolates with serotypes 23F (n � 5) and 19F (n � 3). ST 81,
which is the ST of the Spain23F-1 clone, was identified in two
isolates, and ST 83 was identified in another isolate (a single-
locus variant of ST 81).

Cluster 1 had five isolates of serotype 6B; MLST of one
randomly chosen isolate identified it as ST 146. ST 146 is a
double-locus variant of the international Greece6B-22 clone.

There was one cluster (cluster 3; n � 3) of the non-vaccine-
related serotype 35B. The isolates were recovered from three
different states, but all displayed the same mutation pattern.
One of the isolates was analyzed by MLST and assigned to a
new ST that is a single-locus variant of the Utah35B-24 clone.
Two of these isolates were resistant to penicillin (MIC, 2 mg/
liter), and one was nonsusceptible (MIC, 1 mg/liter).

FIG. 2. Genetic relatedness of levofloxacin-resistant invasive isolates in the United States. ID, identification number; Year, year collected; WT,
wild type.
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Cluster 4 included four isolates of serotype 14 from Con-
necticut and one from Tennessee. The MLST result for one
isolate of this group was ST 898, a double-locus variant of the
England14-9 clone; the Tennessee isolate exhibited ST 13 (a
single-locus variant of the England14-9 clone). Also in this
cluster, three strains with the same mutation pattern were
found; the fourth isolate had an additional E474K mutation in
the product of parE. MLST analysis of two randomly chosen
isolates from a cluster of five (cluster 5) assigned them to ST
156, which is the ST of the Spain9V-3 clone.

MLST of the three serotype 3 isolates from Georgia as-
signed them all to ST 180 (cluster 6). All three isolates dis-
played exactly the same mutation pattern and nearly identical
MICs (�1 dilution) for all 19 tested antibiotics.

Thus, five of the international clones accounted for 26 (52%)
of the isolates. The most common was Spain23F-1 (n � 8;
16%).

Figure 3 shows the numbers of the clone-related and the
non-clone-related levofloxacin-resistant isolates per year.

DISCUSSION

Fluoroquinolone-resistant pneumococci are currently rare
in the United States (1). To date, the highest prevalence de-
scribed has been �1.3% in adults (22). Despite an increase in
the prevalence of levofloxacin-resistant isolates during the sur-
veillance period of our study (1998 to 2002), the overall pro-
portion of levofloxacin-resistant strains has remained �1%.
However, the experience with exponentially increasing resis-
tance to penicillins and macrolides around the globe shows
that clonal spread is one of the main drivers of antibiotic
resistance in the pneumococcus (23).

This paper analyzes only levofloxacin-resistant strains based
on the NCCLS breakpoint of 8 mg/liter. There is concern that
there may be a high prevalence of single mutations in topo-
isomerase type II genes among levofloxacin-susceptible (MIC,
�2 mg/liter) isolates (8, 26).

Fluoroquinolones have been the antibiotics of choice for
infections caused by pneumococci resistant to penicillin and

macrolides in adults or for adult patients with allergies to
beta-lactams. They have recently been recommended in sev-
eral guidelines for empirical therapy of community-acquired
pneumonia (27, 37). The possibility of clonal spread of fluo-
roquinolone resistance in pneumococci, as has been seen with
other antibiotics, is an issue of major concern. Whereas clonal
outbreaks of fluoroquinolone-resistant strains have already
been described (18, 39), large surveillance studies have shown
a far wider clonal diversity among the fluoroquinolone-resis-
tant pneumococci than among penicillin-resistant pneumo-
cocci (9, 42). Therefore, many have believed that fluoroquino-
lone resistance is largely associated with spontaneous mutations
in unrelated susceptible pneumococci exposed to these drugs.

However, an observation supporting clonal spread as a
mechanism for increasing fluoroquinolone resistance is the
detection of fluoroquinolone-resistant international clones
(30). The presence of fluoroquinolone resistance within the
international clones has been reported for Spain23F-1 (18),
Spain9V-3 (29), and recently, Tennessee23F-4 (4), Spain14-5
(34), England14-9, Taiwan19F-14, Taiwan23F-15, and Mary-
land6B-17 (4). As in other North American surveillance stud-
ies, we also found several isolates which were identical to the
Spain23F-1 (6, 9, 20) and the Spain9V-3 (6, 20) international
clones, and in addition, strains closely related to the Greece6B-
22, Utah35B-24, and England14-5 clones. Altogether, 25 isolates
(50%) were identical or closely related to international clones.
These results show a higher degree of clonality than that found
among U.S. levofloxacin-resistant (MIC, �8 mg/liter) isolates
from the respiratory tract reported in the TRUST (Tracking
Resistance in the United States Today) surveillance study
(25%) (9).

The absolute number and the prevalence of levofloxacin-
resistant isolates increased until 2001 and appeared to decline
in 2002. Likewise, the proportion of clones among the levo-
floxacin-resistant isolates increased, reaching 75% in 2000, and
decreased in 2002. The decrease may be related to the intro-
duction of the pneumococcal conjugate vaccine in 2000, since
the serotypes of the great majority of the clones are covered by
the vaccine. However, a separate analysis of conjugate vaccine
serotypes (Fig. 2) showed that (i) the proportion of levofloxa-
cin-resistant strains in this group is higher than that in nonvac-
cine serotypes and that in the overall pneumococcal population
and (ii) this proportion continuously increased during the sur-
veillance period. Therefore, the introduction of the vaccine
may have changed a continuous upward trend in levofloxacin-
resistant strains by reducing the absolute numbers of levofloxa-
cin-resistant strains within vaccine serotypes, but selection for
fluoroquinolone resistance among the diminishing numbers of
these vaccine serotypes continues to occur.

An observation in our study is the existence of fluoroquin-
olone-resistant serotype 3 isolates. The serotype 3 isolates in
our study all displayed the same ST 180 and exhibited identical
QRDR mutations and MICs. They were all recovered from
patients in the state of Georgia. Serotype 3 is considered the
most virulent of S. pneumoniae serotypes, and it is commonly
associated with invasive disease in adults. In addition, pneu-
mococci with this serotype and ST 180 tend to spread clonally
(13, 17). However, serotype 3 isolates have not yet been de-
fined as one of the major antibiotic-resistant international

FIG. 3. Distribution of international clones among levofloxacin-
resistant invasive pneumococci by year (ABCS, 1998 to 2002).
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clones, since most serotype 3 isolates are broadly susceptible to
antibiotics (32, 36).

Also noteworthy is the description of a cluster of fluoroquin-
olone-resistant serotype 35B isolates, a serotype not in cur-
rently available vaccines. The emergence of this clone of pen-
icillin-resistant 35B pneumococci in the United States has
recently been described (2). All three isolates in our study were
nonsusceptible to both penicillin and levofloxacin.

The most active of the licensed fluoroquinolones in our
study were gemifloxacin, with a MIC at which 90% of isolates
were inhibited (MIC90) of 0.5 mg/liter, and moxifloxacin, with
a MIC90 of 4 mg/liter. Twenty-two out of the 50 isolates,
however, remained resistant to gemifloxacin, while 15 isolates
remained resistant to moxifloxacin. The clinical relevance of
these MICs depends on the pharmacodynamic properties of
the drugs.

In conclusion, our study found a higher proportion of fluo-
roquinolone-resistant isolates related to the international
clones than has been described in other studies (3, 9, 20). The
introduction of the conjugate pneumococcal vaccine in 2000
and the demonstrated impact on the pneumococcal population
and distribution of serotypes in adults (40) may have changed
the course of an upward trend in fluoroquinolone resistance
among invasive isolates, leading to the observed decrease in
resistance in 2002, by reducing the absolute numbers of levo-
floxacin-resistant isolates within vaccine serotypes. Among vac-
cine serotypes, however, we found a continuously increasing
resistance rate reaching 1.0% in 2002. Ongoing surveillance is
needed to closely monitor the further evolution of fluoroquin-
olone resistance in this era of conjugate pneumococcal vaccine
use.
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