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This study investigated macrolide resistance mechanisms in clinical Haemophilus influenzae strains with
different levels of susceptibility to macrolides. A total of 6,382 isolates were collected during the Alexander
Project from 1997 to 2000. For 96.9% of these isolates, the azithromycin MICs were 0.25 to 4 �g/ml, and these
were defined as baseline strains. For 1.8% of the isolates, the azithromycin MICs were lower (<0.25 �g/ml),
and for 1.3% of the isolates, the MICs were higher (>4 �g/ml). These isolates were defined as hypersusceptible
and high-level macrolide-resistant strains, respectively. To identify the mechanisms associated with these three
susceptibility patterns, representative strains were studied for the presence of macrolide efflux pumps and for
ribosomal alterations. Macrolide efflux was studied by measuring the accumulation of radioactive azithromycin
and clarithromycin in the presence or absence of carbonyl cyanide m-chlorophenylhydrazone (CCCP), a
protonophore. Treatment with CCCP increased the accumulation of macrolides in baseline as well as high-level
resistant strains, demonstrating the presence of an efflux mechanism, but not in the 20 hypersusceptible
strains tested. Among the 31 strains studied that showed high-level resistance to both azithromycin and
clarithromycin, 28 had ribosomal alterations, 7 had mutations in ribosomal protein L4, 11 had mutations in
L22, 2 had mutations in 23S rRNA, 8 had multiple mutations, and 3 had no mutations. From these results, we
conclude that the vast majority (>98%) of H. influenzae strains have a macrolide efflux mechanism, with a few
of these being hyperresistant (1.3%) due to one or several ribosomal mutations. Occasional hypersusceptible
strains (1.8%) were found and had no macrolide resistance mechanisms and appeared to be the only truly
macrolide-susceptible variants of H. influenzae.

Haemophilus influenzae strains are often associated with
community-acquired respiratory tract infections. These bacte-
ria are the main cause of acute exacerbations of chronic bron-
chitis (17) and are the second most common cause of commu-
nity-acquired pneumonia (8), sinusitis (19), and otitis media
(5). Nontypeable H. influenzae strains are associated with these
respiratory tract infections, while the prevalence of bacteremia
and meningitis due to H. influenzae has decreased in countries
such as the United States that use vaccines against type b
H. influenzae (2). Although macrolides have gained wide clin-
ical acceptance for treatment of H. influenzae infections, the
results of pharmacokinetic-pharmacodynamic, experimental,
and double-tap otitis media studies cast doubt on their efficacy
against these strains (10).

Macrolide resistance is mainly due to target modification or
active efflux and rarely to antibiotic inactivation. Target site
modification is achieved by methylation of specific residues in
23S rRNA (11), by specific methylases encoded by the erm
class of genes, or by different mutations in 23S rRNA and
ribosomal proteins L4 and L22 (3, 21) in certain bacterial
species.

Macrolides are inhibitors of protein synthesis, but they are
not active against many species of gram-negative bacteria. The
ribosomes from these strains are susceptible to macrolides, but
decreased cell membrane permeability and/or multidrug efflux

pumps make macrolides inactive against these gram-negative
bacteria (24). H. influenzae, a gram-negative rod, is more sus-
ceptible to macrolides than are other gram-negative bacteria;
however, the level of susceptibility is less than those of mac-
rolide-susceptible, gram-positive bacteria. High-level resis-
tance to macrolides in H. influenzae, with macrolide MICs
higher than current NCCLS breakpoints, is currently rare (10).
The prevalences of azithromycin and clarithromycin resistance
among clinical isolates have been reported to be 0.5 and 1.9%,
respectively (7).

Macrolide resistance due to acquired efflux pumps among
clinically significant pathogens such as Streptococcus pneu-
moniae, Streptococcus pyogenes, and Staphylococcus aureus has
been reported (12). Among gram-negative bacteria, intrinsic
macrolide resistance is due to impermeability or the active
efflux of these antibiotics. In Escherichia coli, the acrAB gene
cluster has been found to be responsible for a macrolide efflux
pump associated with resistance. The acrAB gene clusters have
recently been found in H. influenzae, and inactivation of either
one of these genes has been reported to cause hypersuscepti-
bility to some drugs such as macrolides, as well as to dyes such
as ethidium bromide (18).

The aim of this study was to correlate the macrolide suscep-
tibility of clinical isolates of H. influenzae with mechanisms of
macrolide resistance.

MATERIALS AND METHODS

Bacterial strains and chemicals. The macrolide susceptibilities of 6,382 clin-
ical H. influenzae isolates tested within the Alexander Project from 1997 to 2000
were analyzed, and isolates with various phenotypic features were selected for
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further investigation (for details, see Results). The strains selected were recov-
ered from storage at �70°C and subcultured three times before being studied.
CCCP (carbonyl cyanide m-chlorophenylhydrazone) was purchased from Sigma
(St. Louis, Mo.). CCCP was chosen to represent a protonophore whose addition
to the cell results in instantaneous dissipation of the electrochemical gradient of
protons across the cytoplasmic membrane. Radioactive clarithromycin ([6-O-
methyl-3H]clarithromycin; 350 mCi/mmol; 2.14 mg/ml) was obtained from
Moravek Biochemicals, Inc. (Brea, Calif.), and radioactive azithromycin ([N-
methyl-3H]azithromycin; 3.5Ci/mmol) was obtained from Perkin-Elmer Life Sci-
ences, Inc. (Boston, Mass.). [N-methyl-3H] azithromycin was diluted 10-fold with
unlabeled azithromycin to reach a specific activity of 350 mCi/mmol, 2.22 mg/ml,
before use.

Susceptibility determinations. Azithromycin and clarithromycin MICs for the
strains studied were retested by the NCCLS microdilution method using freshly
prepared Haemophilus test medium (16). Inoculum was prepared from chocolate
agar plates incubated for a full 24 h. The standard quality control strains H.
influenzae ATCC 49766 and H. influenzae ATCC 49247 were used as controls on
each day of testing. Inoculum checks were done, and only suspensions yielding 3
� 105 to 7 � 105 CFU/ml were used. Microdilution trays were incubated at 35°C
for 20 to 24 h in ambient air.

DNA amplification and sequencing. Strains were studied for the presence of
genes conferring resistance to macrolides [erm(A), erm(B), mef(A), and ere(A)],
as described previously by Sutcliffe et al. (20), and for mutations in the genes
coding for ribosomal proteins L4 and L22 and domain V of 23S rRNA. Nucle-
otide sequences of 23S rRNA, L4, and L22 ribosomal genes were obtained from
the website of The Institute for Genomic Research (http://www.tigr.org) by using
the total genome sequence of H. influenzae Rd, and specific primers were de-
signed for this purpose (Table 1). The PCR conditions were as follows: 94°C for
5 min for 1 cycle, 94°C for 30 s, 53°C for 30 s, 72°C for 45 s for 35 cycles, and 72°C
for 7 min for 1 cycle. The PCR products were purified by using a QIAquick PCR

purification kit (QIAGEN, Valencia, Calif.) and were sequenced by using an
Applied Biosystems model 373 DNA sequencer.

Efflux assays. Efflux of macrolide antibiotics was determined indirectly by
measuring the accumulation of radioactive [6-O-methyl-3H] clarithromycin and
[N-methyl-3H]azithromycin. The accumulation was done as described by Won-
drack et al., with slight modifications as described below (23). Forty milliliters of
freshly made HTM Haemophilus test medium was inoculated with 2 ml of an
overnight culture of the selected strain. After the optical density at 600 nm
reached 0.2 to 0.4, half of the culture was exposed to CCCP (25 �g/ml) for 10
min, and 0.2 �g of radioactive antibiotic was then added to both samples. Four
milliliters of culture was removed from each sample at 5, 10, 20, and 30 min and
filtered through a Whatman GF/C glass microfiber filter previously wetted with
saline containing 1 �g of appropriate unlabeled macrolide antibiotic/ml. Filters
were washed twice with saline macrolide mixture (total of 10 ml per filter) and
were dried at room temperature. Radioactivity was then determined by liquid
scintillation counting.

RESULTS

Clinical strain analysis and macrolide resistance pheno-
types. A total of 6,382 H. influenzae clinical isolates were col-
lected during a 4-year period. Analysis of their susceptibilities
to macrolide showed unimodal distributions of MICs of
azithromycin and clarithromycin (Fig. 1). The mode was 1
�g/ml for azithromycin and 8 �g/ml for clarithromycin. When
NCCLS breakpoints for azithromycin (�4 �g/ml, susceptible;
�4 �g/ml, nonsusceptible) and clarithromycin (�8 �g/ml, sus-
ceptible; 16 �g/ml, intermediate; �16 �g/ml, resistant) were
applied, 1.3 and 2.5% of isolates, respectively, were found to be
resistant (Table 2). For 6,187 (96.9%) of the 6,382 isolates
tested, the azithromycin MICs were 0.25 to 4 �g/ml, and these
isolates were defined as baseline strains. For 113 (1.8%) iso-
lates, the MICs were lower (�0.25 �g/ml), and these were
defined as hypersusceptible strains; for 82 (1.3%) strains, the
MICs were higher (�4 �g/ml), and these were defined as

FIG. 1. Distribution of macrolide MICs for 6,382 H. influenzae
isolates from the Alexander Project (1997 to 2000).

TABLE 1. Specific primers used for PCR and their positions

Gene product Primer name 5� primer positiona Sequence Product size (bp)

23S rRNA 23S-3 1902 5�-CGGCGGCCGTAACTATAACG 1,001
23S-4 2902 5�-TTGGATAAGTCCTCGAGCTATT
HF2330 2331 5�-GTATAAGCAAGCTTAACTG 441
HF2771 2770 5�-CAAGTTTCGTGCTTAGATG

L4 L4-1 �38 5�-TTAAGCCGGCAGTTAAAGC 662
L4-2 �21 5�-CACTTAGCAAACGTTCTTG

L22 L22-1 �45 5�-CGGCAGATAAGAAAGCTAAG 296
L22-2 �38 5�-TGGATGTACTTTTTGACCC

a 23S rRNA primer positions are expressed in terms of the E. coli 23S rRNA numbering system, and those for ribosomal protein L4 and L22 bases are expressed
relative to start and stop codons.

TABLE 2. Macrolide susceptibility among 6,382
H. influenzae isolates

Drug
No. of strains

Hypersusceptiblea Baselineb High-level resistantc

Azithromycin 113 (1.8%) 6,187 (96.9%) 82 (1.3%)
Clarithromycin 37 (0.6%) 6,185 (96.9%) 160 (2.5%)

a Azithromycin MICs of �0.25 �g/ml; clarithromycin MICs of �2 �g/ml.
b Azithromycin MICs of 0.25 to 4 �g/ml; clarithromycin MICs of 2 to 16 �g/ml.
c Azithromycin MICs of �4 �g/ml; clarithromycin MICs of �16 �g/ml.
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high-level macrolide-resistant strains. Twenty baseline, 20 hy-
persusceptible, and 49 high-level resistant strains were selected
for further investigation. Of these 49 strains, 31 were resistant
to both azithromycin and clarithromycin and 18 were resistant
to clarithromycin but susceptible to azithromycin.

Macrolide accumulation in 20 hypersusceptible, 20 baseline,
and 20 of 31 high-level azithromycin- and clarithromycin-resis-
tant strains was determined. By contrast, all 49 high-level re-
sistant strains were tested for ribosomal alterations. Figure 2
shows the levels of accumulation of radioactive azithromycin
and clarithromycin in representative strains from each suscep-
tibility group. In hypersusceptible strains, macrolide accumu-
lation levels were high without CCCP treatment, which indi-
cates the absence of a macrolide efflux mechanism. In baseline
or high-level macrolide-resistant strains, initially low levels of
macrolide accumulation became higher after CCCP treatment.
This indicates the presence of a macrolide efflux mechanism in
these strains.

The mean values for accumulation of radioactive azithromy-
cin and clarithromycin for all 60 strains tested are shown in
Table 3. Accumulation was expressed as the ratio between the
radioactive counts with CCCP and those without CCCP after
30 min of exposure to radioactive antibiotic, and 1 was sub-
tracted from the ratio to normalize the no-change value to 0.
The means of this ratio for hypersusceptible isolates were 0.04

and 0.13 for clarithromycin and azithromycin, respectively; for
baseline strains, the mean values were 0.88 and 1.43, respec-
tively, and for high-level resistant strains, they were 0.88 and
2.48, respectively. Treatment with CCCP therefore signifi-
cantly increased macrolide accumulation in baseline and high-
level macrolide-resistant strains but not in hypersusceptible
strains. These differences were statistically significant for base-
line versus hypersusceptible strains, as well as for high-level

FIG. 2. Accumulation of radioactive clarithromycin (A, C, and E) and azithromycin (B, D, and F) in representative strains in the presence (■ )
or absence (}) of CCCP. CCCP treatment increases radioactive antibiotic accumulation in baseline and high-level macrolide-resistant strains,
while it had no effect in the hypersusceptible strain because the accumulation level was already high. OD600, optical density at 600 nm.

TABLE 3. Accumulation of radioactive clarithromycin and
azithromycin among H. influenzae isolates with

different susceptibility patterns

Drug and susceptibility

Accumulation [(cpm with CCCP/cpm
without CCCP) �1]

Mean Minimum Maximum

Clarithromycin
Hypersusceptible 0.04 �0.26 0.39
Baseline 0.88 0.39 3.12
High-level resistant 0.88 0.36 1.64

Azithromycin
Hypersusceptible 0.13 �0.44 0.39
Baseline 1.43 0.38 2.94
High-level resistant 2.48 0.90 6.18
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resistant versus hypersusceptible strains (P � 0.001 for azithro-
mycin and clarithromycin; Student’s t test). There was no dif-
ference between the clarithromycin accumulation values for
baseline and high-level resistant strains (P � 0.97). A differ-
ence was observed in the azithromycin accumulation values
between baseline and high-level resistant strains (P � 0.01).
This observation may indicate the probable importance of an
efflux pump(s) in strains with high-level resistance to azithro-
mycin. The possibility of overexpression of proteins involved in
macrolide efflux in these strains cannot be excluded and is
under investigation.

Macrolide resistance mechanisms in high-level resistant
isolates. The 31 strains with high-level resistance to both
azithromycin and clarithromycin as well as the 18 strains which
were resistant to clarithromycin but susceptible to azithromy-
cin based on NCCLS breakpoints were studied for ribosomal
mutations and the presence of macrolide resistance genes.
Amplifications by PCR with specific primers for the erm(A),
erm(B), mef(A), or ere(A) gene were negative for all of these
strains. Among the 18 strains with high-level resistance to
clarithromycin only, no mutations were detected in studied
portions of 23S rRNA or ribosomal proteins L4 and L22.
Twenty-eight of the 31 strains for which the azithromycin and
clarithromycin MICs were high had modifications in 23S rRNA
and/or ribosomal proteins L4 and L22. Two strains had a
replacement of adenine by guanine at position 2058 (A2058G)
of 23S rRNA. One of these mutants had an additional G2160U

change. The MICs of azithromycin and clarithromycin for
these strains were �64 �g/ml (Table 4). Seven isolates had
mutations in ribosomal protein L4 only. Six of these strains
had point mutations: one strain had a K61Q change, one had
a T64K change, one had an A69S change, one had a T82I
change, and two had G 3 D changes at position 65. An
insertion after position 63, involving duplication of two amino
acids (GT), was observed in the sixth strain. For the L4 mutant
strains, the range of azithromycin MICs was 8 to 64 �g/ml and
the range of clarithromycin MICs was 32 to �64 �g/ml (Table
4).

Alteration of ribosomal protein L22 alone by amino acid
insertion, deletion, or substitution was detected in 11 isolates.
For the strains with L22 mutations, the range of azithromycin
MICs was 8 to �64 �g/ml and the range of clarithromycin
MICs was 16 to �64 �g/ml (Table 4). Eight isolates had mul-
tiple mutations. One had a deletion in L22 and substitution of
three bases in 23S rRNA. One isolate had changes in both L4
and 23S rRNA. Three isolates had alterations in ribosomal
proteins L4 and L22. Three strains had mutations in L4, L22,
and 23S rRNA. For strains with multiple mutations, the
azithromycin MICs ranged from 8 to �64 �g/ml and the cla-
rithromycin MICs ranged from 32 to �64 �g/ml (Table 4). The
detected mutations were in a highly conserved region of ribo-
somal proteins. Among strains with multiple mutations, the
23S rRNA mutations were in positions 2160 to 2164 (E. coli

TABLE 4. MICs for and detected mutations in 31 high-level macrolide-resistant H. influenzae isolates

Strain
MIC (�g/ml) of: Mutation(s)a

Azithromycin Clarithromycin L4 L22 23S rRNA

S30 �64 �64 A2058G
S43 �64 �64 A2058G, G2160U
S4 8 64 INS 63GT
S27 16 �64 G65D
S37 16 64 K61Q
S39 16 64 T64K
S47 8 64 G65D
S50 32 32 A69S
S54 64 64 T82I
S1 32 �64 INS 77DEGPSM
S2 8 16 G91D
S3 8 16 G91D
S23 8 32 DEL 96ILK
S26 32 �64 INS 88RAKG
S40 64 �64 DEL 95RI
S42 8 32 DEL 81S
S49 64 32 INS 91KG
S53 �64 64 DEL 82M
S58 �64 �64 INS 91RAG
S60 16 16 INS 91RADR
S34 �64 �64 DEL 95RI GGA2160–2162UAU
S36 16 �64 D139G G2160U
S44 �64 �64 T64K G91D
S57 �64 �64 T64K G91D
S61 �64 �64 D94E DEL 96ILKR
S35 32 �64 T64K G91D C2164G
S38 16 64 T64K G91D C2164G
S41 8 32 T64K G91D C2164G
S51 32 �64
S52 �64 �64
S59 32 �64

a INS, insertion; DEL, deletion. Position numbers for L4 and L22 are based on the H. influenzae numbering system, and those for 23S rRNA are based on the E. coli
numbering system.
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numbering system). This region is not in the peptidyltrans-
ferase center but is proximal to the E site (25).

No mutation was found in the remaining three strains for
which the azithromycin and clarithromycin MICs were high.

DISCUSSION

Three macrolide susceptibility groups were defined among
clinical H. influenzae isolates, and the resistance mechanisms
involved in the different susceptibility groups were studied.
The hypersusceptible strains tested in this study were charac-
terized by the absence of a macrolide efflux mechanism that
was present in baseline and high-level macrolide-resistant
strains. While the high-level macrolide-resistant strains lacked
any known acquired macrolide resistance genes, most had al-
terations in ribosomal proteins L4 and L22 and/or ribosomal
23S rRNA. Macrolide-resistant S. pneumoniae and S. pyogenes
strains with ribosomal alterations have been reported recently
(1, 6, 15). H. influenzae laboratory mutants with high-level
macrolide resistance, produced by exposure to azithromycin or
clarithromycin, have been shown to be associated with muta-
tions in 23S rRNA or ribosomal proteins L4 or L22 (4). By
using transformation studies, Clark et al. have shown the im-
portance of the alteration of ribosomal proteins L22 and L4 in
the conferment of macrolide resistance (4).

Many gram-negative bacteria show diminished macrolide
accumulation (24), which makes macrolide antibiotics of little
value for treatment of infections caused by these species. For
example, Enterobacteriaceae have a macrolide efflux pump
called Acr, which is encoded by acrAB genes (24). Sanchez et
al. recently described a gene cluster in H. influenzae with ho-
mology to the acrAB gene cluster of E. coli and have shown
that inactivation of the acrAB gene cluster resulted in labora-
tory mutants that became susceptible to erythromycin, novo-
biocin, ethidium bromide, and crystal violet (18). The present
study has confirmed the existence of a macrolide efflux mech-
anism in baseline clinical strains of H. influenzae and has dem-
onstrated the existence of a small percentage of hypersuscep-
tible clinical strains of H. influenzae which do not have a
macrolide efflux mechanism. The protein(s) involved in mac-
rolide efflux in the clinical strains studied is currently under
investigation.

The rates of susceptibility to azithromycin and clarithromy-
cin differ depending on whether NCCLS breakpoints (16) or
breakpoints derived from pharmacokinetic-pharmacodynamic
parameters (9), which are based on correlation of serum con-
centrations of antibiotic with bacteriologic outcome of infec-
tions, are used. Jacobs et al. (10) have shown that when NC-
CLS breakpoints are used, the majority of the isolates that they
tested could be categorized as being susceptible to azithromy-
cin and clarithromycin (99.7 and 76.6%, respectively). How-
ever, with pharmacokinetic-pharmacodynamic breakpoints,
virtually no strains were categorized as being susceptible, in
agreement with the results of bacteriologic outcome studies of
otitis media due to H. influenzae (5), reports of breakthrough
bacteremia in patients infected with strains of S. pneumoniae
with efflux-mediated macrolide resistance (13), and animal
models of H. influenzae infection (14, 22). Interestingly, hyper-
susceptible strains without an efflux mechanism are catego-
rized as being susceptible when pharmacokinetic-pharmacody-

namic breakpoints are used, but no clinical or animal model
studies have been conducted to evaluate such strains.

High-level macrolide-resistant clinical H. influenzae strains
are rare, but most of the strains tested in our study were shown
to have two resistance mechanisms: the macrolide efflux mech-
anism found in baseline strains and ribosomal mutations. The
necessity for accumulation of two resistance mechanisms may
explain the rarity of high-level macrolide-resistant H. influen-
zae strains, as baseline strains are intrinsically resistant to mac-
rolides. However, the present study shows that resistance
mechanisms generated in laboratory mutants (4) can be de-
tected among clinical isolates.

In summary, a macrolide efflux mechanism, with or without
additional ribosomal mutation, was detected in all of the base-
line and high-level resistant strains of H. influenzae tested,
while the strains defined as hypersusceptible had no detectable
macrolide resistance mechanism. Demonstration of a macro-
lide resistance mechanism in the majority of baseline strains
regarded as being susceptible by current NCCLS criteria, in
conjunction with macrolide pharmacokinetic-pharmacody-
namic data and the results of clinical studies, indicates that
breakpoints for macrolide resistance require reevaluation.
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