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Streptococcus pneumoniae is frequently identified as an etiologic agent in patients with community-acquired pneumonia,
sinusitis, meningitis, and otitis media, and it is a common cause
of invasive infections in the very young, the elderly, and in
patients with serious underlying illnesses (17). Pneumococci
isolated from patients in most countries were exquisitely susceptible to penicillin until the mid- to late 1990s. Epidemiologic evidence suggests that pneumococcal resistance to
penicillin and other ␤-lactams emerged because of the development of strains with mosaic penicillin-binding proteins
(PBPs). Molecular surveillance of penicillin-resistant and multidrug-resistant pneumococci from several countries has demonstrated that, in general, the majority of isolates circulating
within a geographic area are derivatives of a relatively small
number of clones (4, 7, 11, 12, 16, 20). Potential explanations
for the rapid emergence of penicillin-resistant S. pneumoniae
have been summarized previously (7, 16). In the United States,
the rate of penicillin resistance among pneumococci now exceeds 20%, with ⬎10% more isolates demonstrating intermediate levels of resistance to penicillin (8).
PBPs are cell membrane-associated serine peptidases that
catalyze polymerization and cross-linking of peptidoglycan
precursors in the assembly of bacterial cell walls. Penicillin and
other ␤-lactams bind to different PBPs with varying avidities,
leading to a decrease in cell wall synthesis, cell death, and cell
lysis. Six PBPs have been identified in S. pneumoniae, and they

include five high-molecular-mass PBPs (80 to 90 kDa; 1A, 1B,
2A, 2B, and 2X) and one low-molecular-mass PBP (45 kDa;
PBP 3). PBP 2X and PBP 2B are the primary targets of penicillin. The development of high-level resistance to penicillin is
a complex process that requires alterations of PBP 2X, PBP
2B, and PBP 1A and may also involve additional mechanisms
(9, 22). Mosaic pbp genes are stably inherited in the presence
or absence of selection, and strains carrying such genes serve as
reservoirs for the horizontal transfer of ␤-lactam resistance to
other pneumococcal strains (26).
Ceftriaxone and cefotaxime are extended-spectrum cephalosporins that have previously demonstrated very similar in
vitro activities against pneumococci (25), although ceftriaxone
does possess pharmacokinetic and pharmacodynamic advantages when compared to cefotaxime (5, 6). Virtually all strains
of S. pneumoniae that are susceptible or intermediately resistant to penicillin are susceptible in vitro to both ceftriaxone
and cefotaxime (21). Extended-spectrum cephalosporin resistance in pneumococci is conferred by changes within PBP 1A
and PBP 2X. PBP 2B is not a target for extended-spectrum
cephalosporins; consequently, resistance to extended-spectrum
cephalosporins will not necessarily correlate with resistance to
penicillin (16). Anecdotal reports of isolates with different levels of susceptibility and resistance to ceftriaxone and cefotaxime have appeared in the scientific literature (2, 3, 15; J. G.
Gums, Progr. Abstr. 98th Am. Thoracic Soc., abstr. J70, 2002),
but the prevalence of such phenotypes is largely unknown. As
few recent studies have directly compared ceftriaxone and cefotaxime, the present study was undertaken to determine if
isolates with discrepant ceftriaxone and cefotaxime MICs and
MIC interpretations exist and, if so, to also determine their
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Ceftriaxone and cefotaxime are extended-spectrum cephalosporins previously demonstrated to possess very
similar in vitro activities against Streptococcus pneumoniae. Anecdotal reports of isolates with divergent in vitro
susceptibilities to ceftriaxone and cefotaxime have been published. To determine the prevalence of pneumococcal isolates with divergent ceftriaxone and cefotaxime susceptibilities, we tested 1,000 clinical isolates
collected by U.S. laboratories in 2001-2002 by broth microdilution and E-test. The percentages of isolates
susceptible to ceftriaxone and cefotaxime were significantly different by both broth microdilution (98.6 and
96.6%, respectively; P < 0.05) and E-test (98.3 and 95.8%; P < 0.001). The differences observed were due solely
to the activities of the two agents against penicillin-resistant isolates. Twenty-six of 188 penicillin-resistant
isolates (13.8%) demonstrated different ceftriaxone and cefotaxime MIC interpretative phenotypes when tested
by broth microdilution; 18 isolates were concurrently ceftriaxone susceptible and cefotaxime intermediate, 6
were ceftriaxone intermediate and cefotaxime resistant, and 2 were ceftriaxone susceptible and cefotaxime
resistant (1.1% of penicillin-resistant isolates; 0.2% of all isolates tested). Sixteen of the 26 isolates (65%) were
from southern U.S. states. The 26 isolates had serogroups and serotypes (6, 9, 14, 19, and 23) commonly
associated with penicillin-resistant isolates; SmaI pulsed-field gel electrophoresis identified 18 isolates (69%)
dispersed among five subtype groups and 8 isolates that were unrelated to any of the other isolates. We
conclude that certain isolates of penicillin-resistant pneumococci are less susceptible to cefotaxime than to
ceftriaxone and that these isolates are not the result of the spread of a single clone. Whether such isolates have
increased in prevalence over time remains unknown.
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prevalence and the relatedness of isolates demonstrating these
unanticipated phenotypes.
MATERIALS AND METHODS

confirm the PFGE types and subtypes determined visually (10). Subtypes determined visually had ⱖ80% correlation in the dendrogram.
Serogrouping and serotyping. Capsular serogroups and serotypes of the 60
isolates tested by PFGE were determined by slide coagglutination testing using
group-specific antisera obtained from the Statens Seruminstitut (Copenhagen,
Denmark).
Statistical analysis. The assessment of statistical significance was made using
2 testing with EpiInfo Statcalc, version 6 (Centers for Disease Control and
Prevention). Uncorrected P values of ⬍0.05 were considered statistically significant.

RESULTS
Among the 1,000 isolates of S. pneumoniae tested, 66.6%
were penicillin susceptible, 14.6% were penicillin intermediate,
and 18.8% were penicillin resistant by broth microdilution
testing (Table 1). Penicillin-intermediate and -resistant isolates
had higher MICs of ceftriaxone and cefotaxime than did penicillin-susceptible isolates. The percentages of all isolates susceptible to ceftriaxone and cefotaxime by both broth microdilution (98.6 and 96.6%, respectively; P ⬍ 0.05) and E-test (98.3
and 95.8%; P ⬍ 0.001) were significantly different. The differences observed were due solely to the differences in the activities of the two agents against penicillin-resistant isolates. By
broth microdilution and E-test, the percentage of penicillinresistant isolates susceptible to ceftriaxone (⬎90%) was ⬎10%
higher than that for cefotaxime (P ⬍ 0.001). Penicillin-resistant
and -intermediate isolates demonstrated lower MICs at which
90% of isolates were inhibited (MIC90s) to ceftriaxone than to
cefotaxime by broth microdilution (penicillin-resistant isolates,
1 versus 2 g/ml; penicillin-intermediate isolates, 0.5 versus 1
g/ml) and E-test (1 versus 1.5 g/ml and 0.5 versus 0.75
g/ml). For ceftriaxone alone and cefotaxime alone, less than
1% of all isolates demonstrated different MIC interpretative
phenotypes (19) by broth microdilution and E-test.
Identical ceftriaxone and cefotaxime MICs were observed
for 670 of the 1,000 isolates; 974 isolates had MICs of ceftriaxone and cefotaxime within one doubling dilution of each
other (Fig. 1). There was a propensity for nonidentical MICs
within one doubling dilution to be one doubling dilution lower
for ceftriaxone (n ⫽ 286 isolates) than for cefotaxime (n ⫽ 18).
Twenty-one isolates had ceftriaxone MICs two doubling dilutions lower than for cefotaxime, compared with five isolates
having cefotaxime MICs two doubling dilutions lower than for
ceftriaxone.
Of the 1,000 isolates tested, 26 (2.6%) demonstrated different ceftriaxone and cefotaxime MIC interpretative phenotypes; 18 (1.8%) were concurrently ceftriaxone susceptible and
cefotaxime intermediate, 6 (0.6%) were ceftriaxone intermediate and cefotaxime resistant, and 2 (0.2%) were ceftriaxone
susceptible and cefotaxime resistant by broth microdilution
testing (Fig. 1). All 26 isolates were penicillin resistant (Table
2). The differences in ceftriaxone and cefotaxime MICs were
one doubling dilution for 19 of 26 isolates and two doubling
dilutions for the other 7 isolates. E-test MICs were higher for
cefotaxime than for ceftriaxone for 24 of the 26 isolates and
identical for the other two isolates. Sixteen of the 26 isolates
(65%) were from southern U.S. states (Alabama, Florida, Tennessee, Louisiana, Oklahoma, and Georgia). Eight other isolates were resistant to both cefotaxime and ceftriaxone by
broth microdilution (Fig. 1); among these isolates, six of eight
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Bacterial isolates studied. One thousand clinical isolates of S. pneumoniae
were tested. The isolates were collected from 118 microbiology laboratories in 18
states in the United States from April 2001 to May 2002. Each isolate was from
a nonmeningeal specimen source and from a different patient. Isolates were
considered to be etiologic agents of infection by individual laboratory algorithms
and were collected without regard to patient age, gender, inpatient or outpatient
status, or nonmeningeal specimen source quotas. The numbers of isolates collected from microbiology laboratories in each state were as follows: Alabama (75
isolates, 5 microbiology laboratories); Arizona (50 isolates, 3 labs); California (50
isolates, 14 labs); Florida (75 isolates, 8 labs); Georgia (50 isolates, 7 labs);
Illinois (50 isolates, 12 labs); Iowa (50 isolates, 5 labs); Louisiana (75 isolates, 4
labs); Massachusetts (50 isolates, 6 labs); Minnesota (50 isolates, 3 labs); New
Jersey (50 isolates, 7 labs); New York (50 isolates, 10 labs); Oklahoma (50
isolates, 2 labs); Pennsylvania (50 isolates, 15 labs); Tennessee (75 isolates, 5
labs); Utah (50 isolates, 3 labs); Washington (50 isolates, 3 labs); and Wisconsin
(50 isolates, 6 labs). Of the 1,000 isolates studied, 23.1, 46.1, and 29.9% of
isolates were from patients aged ⬍18, 18 to 64, and ⬎64 years, respectively, and
0.9% of isolates were from patients of unknown age; 59.5% of isolates were from
males and 40.0% were from females, and 0.5% were from patients of unknown
gender; 87.7% of isolates were from outpatients, 10.4% were from inpatients,
and 1.9% were from patients of unknown location; 20.6% of isolates were from
upper respiratory sources (nasopharynx, throat, nose, and sinus), 46.8% were
from lower respiratory sources (sputum, bronchial washings, and tracheal aspirates), and 32.6% were from blood cultures. Clinical isolates were transported to
a central laboratory (Focus Technologies, Herndon, Va.) where they were subcultured onto sheep blood agar and streaked for purity, and their identities were
confirmed using standard clinical laboratory methods. The observation of alphahemolysis on blood agar and an optochin disk zone diameter of ⱖ14 mm were
used as confirmatory tests; if necessary, a bile solubility test was also performed.
Antimicrobial susceptibility testing. Antimicrobial susceptibility testing of
ceftriaxone, cefotaxime, and penicillin was performed in our laboratory using
freeze-dried broth microdilution panels prepared by TREK Diagnostics (Cleveland, Ohio) in accordance with the recommended procedures of the National
Committee for Clinical Laboratory Standards (NCCLS) (18). Ceftriaxone and
cefotaxime were also tested by E-test (AB Biodisk, Solna, Sweden) according to
the manufacturer’s instructions (incubation at 35°C in 5% CO2 for 18 to 24 h).
MICs were interpreted as susceptible, intermediate, or resistant by using the
M100-S13 NCCLS recommendations for nonmeningeal isolates of S. pneumoniae (19).
PFGE. Twenty-six isolates that had discrepant ceftriaxone and cefotaxime
MIC interpretations by broth microdilution, 26 (demographically matched) control isolates that were susceptible to both ceftriaxone and cefotaxime, and the 8
isolates that were resistant to both ceftriaxone and cefotaxime were analyzed by
pulsed-field gel electrophoresis (PFGE). The 26 control isolates were all ceftriaxone susceptible and cefotaxime susceptible, but not all were penicillin susceptible; 18 of the 26 isolates were penicillin susceptible, 2 were penicillin intermediate, and 6 were penicillin resistant. PFGE of SmaI-restricted chromosomal
DNA was performed according to a previously described method (14). DNA
fragments were separated on a CHEF-DR III instrument (Bio-Rad Laboratories, Hercules, Calif.) for 20 h at 14°C on 1% agarose gels using ramped pulse
times from 1 to 25 s (6 V/cm). Gels were examined by transillumination with UV
light following ethidium bromide staining.
Gels were normalized using S. pneumoniae R6 (ATCC 27336) restricted with
SmaI. No standardized method for grouping of isolates into clonal groups has
been developed. For the purpose of this study, isolates were defined as genetically indistinguishable, closely or possibly related, or genetically unrelated if their
PFGE profiles differed by 0, 1 to 6, or ⱖ7 bands, respectively; this is a modification of the categories established by Tenover et al. (24). Isolates within each
PFGE type with exactly the same PFGE profile were assigned the same subtype.
Isolates differing by 1 to 6 bands from subtype 1 of each type were assigned a
common type. Isolates with ⱖ7 band differences from subtype 1 of each type
were considered unrelated isolates and were assigned a different PFGE type (10,
24). DNA banding patterns were also digitalized for analysis using Molecular
Analyst software (Fingerprinting Plus, version 1.12; Bio-Rad Laboratories), and
a dendrogram was calculated using the unweighted pair groups method with
arithmetic averages and the Dice coefficient (the number of shared bands ⫻ 2 ⫻
100/total number of bands in two samples). Dendrograms were generated to
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TABLE 1. In vitro susceptibilities of 1,000 isolates of S. pneumoniae to ceftriaxone and cefotaxime tested by broth microdilution and E-test
Test method and
antimicrobial agent

Broth microdilution
Ceftriaxone

Cefotaxime

Cefotaxime

a
b

MIC interpretationb

MIC (g/ml)
Range

Mode

MIC50

MIC90

% Susceptible

% Intermediate

% Resistant

All isolates
Penicillin susceptible
Penicillin intermediate
Penicillin resistant

ⱕ0.004–8
ⱕ0.004–0.5
0.015–1
0.12–8

0.015
0.015
0.5
1

0.015
0.015
0.25
1

1
0.03
0.5
1

98.6
100
100
92.6

0.6
0
0
3.2

0.8
0
0
4.3

All isolates
Penicillin susceptible
Penicillin intermediate
Penicillin resistant

ⱕ0.004–8
ⱕ0.004–1
0.015–1
0.25–8

0.015
0.015
0.12, 0.5
1

0.015
0.015
0.25
1

1
0.03
1
2

96.6
100
100
81.9

1.8
0
0
9.6

1.6
0
0
8.5

All isolates
Penicillin susceptible
Penicillin intermediate
Penicillin resistant

0.004–4
0.004–0.75
0.012–1
0.25–4

0.012
0.012
0.38
0.75

0.016
0.012
0.19
0.5

0.5
0.032
0.5
1

98.3
100
100
91.0

0.8
0
0
4.3

0.9
0
0
4.8

All isolates
Penicillin susceptible
Penicillin intermediate
Penicillin resistant

0.004–8
0.004–1
0.016–1
0.38–8

0.016
0.016
0.38
1

0.023
0.016
0.19
1

1
0.047
0.75
1.5

95.8
100
100
77.7

2.6
0
0
13.8

1.6
0
0
8.5

Of the 1,000 isolates tested, 666 were penicillin susceptible, 146 were penicillin intermediate, and 188 were penicillin resistant.
MICs interpreted using NCCLS 2003 guidelines (19).

FIG. 1. Scatterplot of ceftriaxone and cefotaxime MICs determined by broth microdilution for 1,000 isolates of S. pneumoniae. The solid line
is the linear regression line (r ⫽ 0.977). The area between the two diagonal dotted lines contains isolates with ceftriaxone MICs and cefotaxime
MICs within ⫾1 doubling dilution of each other. The vertical dotted lines divide the isolates into ceftriaxone susceptible (MIC, ⱕ1 g/ml),
intermediate (MIC, 2 g/ml), and resistant (MIC, ⱖ4 g/ml) groups; the horizontal dotted lines divide the isolates into cefotaxime susceptible
(MIC, ⱕ1 g/ml), intermediate (MIC, 2 g/ml), and resistant (MIC, ⱖ4 g/ml) groups.
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E-test
Ceftriaxone

Isolate phenotypea

c

UPGMA, unweighted pair group method with arithmetic averages.
PFGE types and subtypes determined using the method of Tenover et al. (24).
MIC interpretation based on NCCLS M100-S13 guidelines (19).
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TABLE 2. Genetic relatedness of 26 clinical isolates of S. pneumoniae with different MIC interpretative phenotypes for ceftriaxone and cefotaxime
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DISCUSSION
The present study identified statistically significant differences in rates of susceptibility to ceftriaxone and cefotaxime
for S. pneumoniae tested by both broth microdilution testing
and E-test (Table 1). These differences were generally of one
doubling dilution and were attributable to lower ceftriaxone
MICs than cefotaxime MICs for penicillin-resistant isolates.
Given that ceftriaxone and cefotaxime MICs and MIC interpretations are rarely reported together, the prevalence of such
phenotypes is largely unknown (8, 13, 21, 25). Available data
suggest that isolates with different ceftriaxone and cefotaxime
MICs and MIC interpretative phenotypes do exist (13, 21),
although their prevalence is low (2.6% in the present study
[Fig. 1 and Table 2]). Data have not been published suggesting
that the prevalence of these phenotypes may be increasing;
however, phenotypes of pneumococci with different susceptibilities to ceftriaxone and cefotaxime have been reported previously (15). McDougal et al. identified 10 pneumococci

isolated from 1991 and 1992 that were nonsusceptible to extended-spectrum cephalosporins (15). Of these 10 isolates, 8
had ceftriaxone MICs one doubling dilution lower than cefotaxime and 4 isolates would have had discrepant MIC interpretative phenotypes favoring ceftriaxone using current NCCLS
breakpoints (19). The present study is the first to report the
prevalence of these isolates in a large sample of pneumococci.
Periodic studies to determine the prevalence of isolates with
discrepant ceftriaxone and cefotaxime MICs and MIC interpretative phenotypes may be useful in the future to determine
if disparate changes in the activities of these two agents are
occurring.
Most pneumococcal isolates that are resistant to penicillin
also have lowered susceptibility to extended-spectrum cephalosporins, including cefotaxime and ceftriaxone (Table 1).
Among the 26 isolates with different ceftriaxone and cefotaxime MIC interpretative phenotypes all were penicillin resistant, and the serogroups or serotypes identified are known to
include the six most prevalent serotypes associated with penicillin resistance (serotypes 6A, 6B, 9V, 14, 19F, and 23F) (16,
27). The test isolates with different ceftriaxone and cefotaxime
MIC interpretations or those resistant to both extended-spectrum cephalosporins were more often associated with a clonal
PFGE type or subtype and serotype (Table 2) than were control isolates susceptible to both ceftriaxone and cefotaxime
(data not shown). However, isolates with different ceftriaxone
and cefotaxime MIC interpretations can also arise independently. The identification of pneumococcal isolates with other
unexpected phenotypes, such as isolates with higher amoxicillin MICs than penicillin MICs (9) and isolates with penicillinsusceptible and ceftriaxone- and cefotaxime-resistant phenotypes (1, 3, 23), have also been previously reported. Such
phenotypes are generally attributed to PBP sequence changes,
sometimes in combination with non-PBP-based mechanisms.
In conclusion, penicillin-resistant S. pneumoniae isolates
with different MIC interpretative phenotypes for ceftriaxone
and cefotaxime were identified by MIC testing. These phenotypes accounted for 13.8% (26 of 188) of penicillin-resistant
isolates in the present study. Given that the MIC is a relatively
crude method by which to measure differences in susceptibility,
molecular techniques will need to be applied to such isolates to
determine the mechanism(s) underlying the observed differences. The presence of isolates that are less susceptible to
cefotaxime than ceftriaxone could potentially result from the
use of cefotaxime once or twice daily as opposed to three times
a day (5, 6, 19), and these phenotypes may be more common in
certain geographic areas because of differences in local use of
extended-spectrum cephalosporins. The emergence and global
spread of penicillin-resistant pneumococci in a relatively short
period of time suggests that isolates with disparate ceftriaxone
and cefotaxime susceptibilities may also have the potential to
spread, and therefore continued epidemiological surveillance
for these phenotypes is important.
ACKNOWLEDGMENT
We thank Roche Laboratories, Inc., who financially supported this
study.

Downloaded from http://aac.asm.org/ on March 7, 2021 by guest

had MICs one doubling dilution lower for ceftriaxone (MIC
range, 4 to 8 g/ml) than for cefotaxime (MIC range, 4 to 8
g/ml) by broth microdilution; by E-test, MICs for the eight
isolates were lower for ceftriaxone (MIC range, 2 to 3 g/ml)
than for cefotaxime (MIC range, 4 to 8 g/ml) (data not
shown). Isolates with cefotaxime-susceptible and ceftriaxoneintermediate, cefotaxime-susceptible and ceftriaxone-resistant,
and cefotaxime-intermediate and ceftriaxone-resistant phenotypes were not observed using broth microdilution testing or
E-test.
By SmaI PFGE, 8 of the 26 isolates with disparate ceftriaxone and cefotaxime MIC interpretations were unrelated to any
of the other isolates (PFGE types, A, B, C, E, F, H, J, and L)
(Table 2) (24). Four groups of subtypes were observed, accounting for six, five, five, and two isolates, respectively. Three
sets of two identical strains each were observed. Serogroups 19,
23, 9, and 6 and serotype 14 accounted for 10, 9, 4, 2, and 1
isolates, respectively. Of the eight ceftriaxone- and cefotaximeresistant isolates, two strains were identified that were unrelated to any of the other isolates; we also identified one subtype
with four isolates (including two isolates with identical PFGE
profiles) and one subtype with two isolates (data not shown).
All ceftriaxone- and cefotaxime-resistant isolates were serogroup 19 or 23. Fifteen of the 26 (57.7%) ceftriaxone-susceptible and cefotaxime-susceptible control isolates were unique
isolates. Five subtypes were observed, including one subtype
with three isolates and four subtypes with two isolates (including two isolates with identical PFGE profiles), respectively.
Serogroups 6 and 19 accounted for five isolates each, there
were two isolates each from serogroup 9, serogroup 23, serogroup 15, serogroup 11, serotype 14, and serotype 4, and one
isolate each from serotype 3, serogroup 16, serogroup 18, and
serotype 29/serogroup 35. Overall, 11 (42%) control isolates
were contained in one of the identified subtypes compared to
18 (69%) of the isolates with disparate ceftriaxone and cefotaxime MIC interpretations and 6 of 8 (75%) ceftriaxone- and
cefotaxime-resistant isolates. Serotypes were strongly correlated to clonal types identified using PFGE, as the majority of
isolates within an identical clonal type belonged to the same
serotype.
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