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Chlamydia pneumoniae has been linked to several chronic
conditions such as atherosclerosis, chronic obstructive pulmonary disease, and asthma (4), where it is suspected of surviving
in a persistent and largely asymptomatic state (13). Several
long-term trials of antibiotic therapy are under way with the
goal of eradicating C. pneumoniae and improving atherosclerotic heart disease (10). However, data on the treatment of C.
pneumoniae infection are limited and microbiologic failure has
been frequently described (12, 14, 30, 31; M. R. Hammerschlag
and P. M. Roblin, Letter, Antimicrob. Agents Chemother.
44:1409, 2000). It is unknown whether regimens used in these
trials will more effectively eradicate the organism, as occurs
with tetracyclines in a model of chronic C. psittaci infection
(11), or lead to the development of antimicrobial resistance, as
occurs with other microorganisms (6, 24, 26, 36).
Fortunately, drug resistance in chlamydiae is very rare (15,
21, 33, 34). However, resistance of C. trachomatis to quinolones and rifampin has been induced in vitro (7, 9, 22); resistance to macrolides (21) and other drugs has occasionally occurred in vivo (7, 9, 15). The veterinary pathogen C. suis has
developed increasing resistance to tetracyclines, presumably
because of chronic antibiotic exposure in animal feed (20).
There is little evidence so far of development of antibiotic
resistance in C. pneumoniae (3, 14, 31; Hammerschlag and
Roblin, Letter).
In this study, we evaluated three previously reported clinical
isolates of C. pneumoniae, from two patients with pneumonia,
for which a stable fourfold increase in the MIC of azithromycin
developed after treatment (30). Isolates 15-1 and 15-2 were
obtained at days 0 and 18 after starting azithromycin therapy,
with an increase in the MIC of azithromycin and erythromycin
from 0.031 to 0.125 g/ml (30). Isolates 72-1, 72-2, and 72-3
were obtained at 0, 9, and 37 days after starting therapy, and
the MIC of azithromycin increased from 0.062 to 0.250 g/ml
for the latter isolates (30). Notably, the higher MICs still overlapped those for other wild-type C. pneumoniae isolates. These
MICs were stable upon subculture in antibiotic-free medium.

We sought genotypic evidence of this relative resistance on the
basis of defined mechanisms of macrolide resistance found in
other microorganisms (29). In addition, we sought to induce
macrolide resistance by prolonged exposure of C. pneumoniae
to macrolides in a standard model of acute C. pneumoniae
infection and in an in vitro model of continuous C. pneumoniae
infection (17–19).
Genotypic approach. Macrolide resistance usually arises by
(i) mutation of the 23S rRNA at the macrolide contact site, (ii)
methylation of this site by adenine N-methyltransferase enzymes encoded by the erm gene family, (iii) mutation of the L4
or L22 ribosomal protein that is expected to contact the macrolides, or (iv) a drug efflux pump mechanism (29, 38). The first
mechanism occurs among organisms with single copies of the
rRNA in their genome, as is the case with C. pneumoniae (16,
28); usually leads to high-level resistance (29); and has been
demonstrated to occur in C. trachomatis (21). Mutations in
ribosomal proteins L4 and L22 have been implicated in the
development of various degrees (as little as fourfold) of macrolide resistance in Escherichia coli, Bacillus subtilis, and Streptococcus pneumoniae (5). Some L22 mutants of C. trachomatis
were also associated with clinical failure (21, 37).
Sequencing of the 23S rRNA and ribosomal protein genes
from our two initial and three posttreatment pneumonia isolates of C. pneumoniae was performed. DNA was extracted and
purified with the High Pure PCR template kit (Roche). Primers for PCR (Table 1) were designed to amplify two predicted
macrolide resistance regions of domain V of the 23S rRNA
and the genes encoding the L4 and L22 proteins. The relevant
23S rRNA region was identified by homology to the sequence
of Mycobacterium avium (24) and to bp 2057 to 2059 and 2610
to 2611 of the E. coli gene (38) and encompassed bp 2026 to
2028 and 2580 to 2581 of the C. pneumoniae AR39 23S rRNA
gene (28). The L4 and L22 primers spanned the chlamydial
equivalent of codons 63 to 74 of L4 (37) and the C-terminal
region of L22 (23), which have mutations in some macrolideresistant strains of S. pneumoniae.
A systematic comparison by BLAST (http://www.ncbi.nlm
.nih.gov/sutils/genom_table.cgi; last accessed 23 April 2004) of
other proteins involved in macrolide resistance (reviewed in
reference 29) revealed significant homologies of three Staphy-
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Three clinical Chlamydia pneumoniae isolates for which the MIC of azithromycin increased after treatment
were investigated for genetic evidence of macrolide resistance. Attempts to induce antibiotic resistance in vitro
were made. No genetic mechanism was identified for the phenotypic change in these C. pneumoniae isolates. No
macrolide resistance was obtained in vitro.
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TABLE 1. PCR oligodeoxynucleotide primers used in this study
Primer name

Sequencea

Primer positionb

PCR product size (bp)

5⬘-TCATAGTCTCCTGGCTATCC-3⬘
5⬘-GACCTGCACGAATGGTGTAA-3⬘

2103
1928

175

23Sb-F
23Sb-R

5⬘-ATTCCGGTCCTCTCGTACTA-3⬘
5⬘-CGCCACCAAGAGTTCATATC-3⬘

2642
2431

212

L4-F
L4-R

5⬘-CGCTCAACAAGTTCCTGCAAAG-3⬘
5⬘-AATGCCCGTCAGGGATGTTTAG-3⬘

26
459

434

L22-F
L22-R

5⬘-CTTTCTGACCCATGATCC-3⬘
5⬘-GCCATCCTGTGAAGAAAG-3⬘

⫺28
386

405

Erm-1
Erm-2

5⬘-GA(A/G)ATIGGIIIIGGIAA(A/G)GGICA-3⬘
5⬘-AA(C/T)TG(A/G)TT(C/T)TTIGT(A/G)AA-3⬘

KsgA-F
KsgA-R

5⬘-ATTACGCAAGCGCTACGGCTAT-3⬘
5⬘-CCTTTAACCCGCTTGCATCT-3⬘

⫺93
833 ⫹ 3

YgeD5-F
YgeD5-R

5⬘-GTGGTCTGACAAGACATGTA-3⬘
5⬘-CATGGAGAGGCACTTGATA-3⬘

⫺181
1011

YgeD3-F
YgeD3-R

5⬘-TTTGCTTGTTCGATACTATT-3⬘
5⬘-TAAGAACGATTTACGGTATCTTA-3⬘

940
1698 ⫹ 60

819

Yjjk-3
Yjjk-3int

5⬘-GCTCCTCGTGTTAGATAC-3⬘
5⬘-ACGACACGATCATTATCTAC-3⬘

1593 ⫹ 19
673

939

Yjjk-5
Yjjk-5int

5⬘-GGTCTATACGCAAGTCTC-3⬘
5⬘-ACTTGACTCGCTCGTGAT-3⬘

⫺121
835

957

a
b

530
930
1,193

T, thymidine; C, cytosine; A, adenosine; G, guanine; I, inosine; (X/Y), nucleotides X and Y present in equal parts.
Base position relative to the translational start site of the gene cited in the primer name; a plus sign indicates base pairs situated after the 3⬘ end of the gene.

lococcus aureus proteins to predicted gene products in the C.
pneumoniae genome. ErmA (accession no. BAB42746, 243
amino acids [aa]), a 23S rRNA ribosomal methylase, has 24%
identity and 42% similarity over its first 215 aa to the C.
pneumoniae dimethyladenosine transferase known as the kasugamycin resistance gene product (KsgA, accession no.
Q9Z6K0, 565 aa). Second, the macrolide efflux gene product
(MefA, accession no. AAL58635, 405 aa) has homology to a C.
pneumoniae putative efflux protein (YgeD, NP_224932.1, 565
aa) within its N-terminal one-third. Remarkably, the S. aureus
NorA multidrug efflux protein (accession no. BAB56857, 388
aa) (27), although not homologous to MefA, also has 23%
identity and 43% similarity to YgeD, in a central region of the
protein spanning 195 aa. Finally, the virginiamycin resistance
gene product (VgaB, accession no. U82085, 552 aa), an ATPbinding efflux pump, has 32% identity and 53% homology over
its C-terminal two-thirds with the chlamydial YjjK gene product (accession no. NP_224231, 530 aa), a putative ATP-binding
transporter. It is worth noting that the macrolide-streptogramin resistance gene products MsrC of Enterococcus faecalis
(accession no. NP_815134) and MsrA of Staphylococcus epidermidis (accession no. P23212) are homologous to both VgaB
and YjjK in a similar region. By contrast, no significant homologies could be found in the chlamydia genomes to macrolide
hydrolases (VgbA, VgbB), esterases (EreA, EreB), phosphorylases (MphA), transferases (LnuA) (see reference 29 for a
review), or other multidrug efflux proteins (AcrAB, TolC,
LmrA, NorM, Mmr, EmrB) or their regulators (AcrR, BltR,
BmrR, Mta) (see reference 27 for a review).

Primers were designed to amplify the chlamydial gene homologues and upstream region (Table 1). PCR was performed
with the Expand PCR kit (Roche), 25 M primers, denaturation at 95°C for 5 min, and then 30 cycles of 94°C for 30 s,
60°C (50°C for yjjK) for 30 s, and 72°C for 30 s, followed by
extension at 72°C for 7 min. The PCR fragments obtained were
resolved on a 1% agarose gel, spin column purified, and then
sequenced in both directions with the individual PCR primers.
Sequence results were reviewed manually and compared with
the BLAST2 program (http://www.ncbi.nlm.nih.gov/BLAST
/bl2seq/bl2.html) to the four reference C. pneumoniae sequences in the GenBank database (accession numbers
AE001363, AE002161, BA000008, and NC_005043). Additionally, PCR with degenerate primers previously shown to amplify
the family of erm genes from diverse species (1) was performed
with a macrolide-resistant S. aureus clinical isolate as a positive
control.
Single bands were obtained from each of the 23S rRNA, L4,
L22, ksgA, ygeD, and yjjK PCRs, and except for that of ksgA,
each DNA sequence was identical to that of the four reference
strains in the GenBank database. The ksgA gene has two
known polymorphisms, with K108T and R161K mutations
found only in the TW-183 reference isolate among the four
sequenced isolates, as well as in each of our clinical isolates. No
erm gene product was identified from the C. pneumoniae isolates with degenerate primers, while a single 530-bp band was
obtained from the positive control. Thus, no mechanism was
found to account for the shift in the MIC for these isolates.
Since the function or expression level of the chlamydial Erm,
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chlamydial antibody. Infectious-titer assays were carried out on
day 30 as previously described (30).
We were unable to induce stable antimicrobial resistance in
C. pneumoniae after repeated passages in subinhibitory concentrations of azithromycin, clarithromycin, and levofloxacin
with conventional acute culture and continuously infected
cells. Surprisingly, even concentrations of antimicrobials below
the MIC, when applied for longer durations than in typical
MIC determinations, proved inhibitory to C. pneumoniae development in the acute-infection model. At least for the macrolides, this effect could be confirmed in the continuous-infection model, which showed several indicators of drug activity.
First, low-dose azithromycin or clarithromycin treatment of
C. pneumoniae in continuously infected HEp-2 cells prevented
host cell lysis, despite an initial increase in the inclusion number. It is this early increase in inclusions that could be interpreted as nonefficacy of the drug in a short-term MIC assay.
Only at later time points did these more typical inclusions
disappear almost completely.
Second, the inclusions that were seen became progressively
irregular in the low-dose-macrolide-treated host cells and not
like the “atypical inclusions” described in the chronic-infection
model without antibiotics (18). The inclusions stain less intensely, appear amoeboid, and seem to have a disrupted border. Similar inclusions have also been noted after azithromycin
treatment of an established C. trachomatis infection (9). We
noted that much of the chlamydial lipopolysaccharide detected
by antibody appears to be extracellular, either as infectious
elementary bodies or, more likely, as debris, as suggested by
Wyrick et al. (39).
Lastly, in our study, stable viable chlamydiae could not be
recovered after the macrolide regimens, despite an initial successful round of replication after removal of the drug. However, it is possible that some residual macrolide was being
transferred in these assays, leading to continued inhibition of
chlamydial development. The effects of macrolide levels below
the MIC on the continuously infected cultures are similar to
those of high levels (at least 16 times the MIC) which are
comparable to those found in the lung after typical dosing
regimens (17). The lower limit of macrolide effects on chlamydial growth in our continuous-infection model are being
explored. Others have found that azithromycin treatment of
established C. trachomatis infection (at the minimal bactericidal concentration) led to loss of infectivity (9), while quinolone treatment of C. trachomatis seemed to maintain viable
chlamydiae after drug withdrawal (8). Thus, the disruption of
chlamydial development by macrolides seems to be more complete than that which occurs with quinolones and perhaps is
less likely to allow opportunities for resistance to develop. This
result may occur because of intraepithelial cell concentration
of the macrolide drugs, leading to effectively higher drug exposure. Understanding the minimally effective macrolide concentration in our chronic-infection model may allow us to
select more appropriate drug dosing to induce resistance or
avoid it in the future.
Our results also suggest that macrolides should be quite
potent against C. pneumoniae in vivo, if levels were maintained
long enough. However, these results may not apply to monocytes (12), and the documented failures of eradication may be
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MefA/NorA, and Vga/Msr homologues is unknown, a potential role in low-level macrolide resistance cannot be excluded
by sequencing alone. It is possible that overexpressed KsgA
can methylate the 23S rRNA target of macrolides, assuming
the role of erm proteins. KsgA normally methylates adenine
residues on the 16S RNA, increasing the activity of the nonmacrolide antimicrobial kasugamycin. Mutations in ksgA have
rarely been implicated in macrolide resistance in a mutant of
E. coli with multiple other ribosomal protein mutations (32).
Conversely, the presence of an erm gene in E. coli increases
kasugamycin sensitivity, presumably by cross-methylating the
16S RNA (35). By contrast, the functions, natural substrates,
and potential for macrolide efflux of the proteins YgeD and
YjjK are unknown. YjjK is an ATP-hydrolyzing transporter
(27), while YgeD is a member of the major facilitator superfamily of membrane transporters that use the transmembrane
proton gradient (27) and most homologous to acyltransferases.
Members of the major facilitator superfamily are often regulated by other proteins, which may have escaped detection by
homology. Thus, our future work will consider the expression
of these protein homologues.
Arguments used to explain heterotypic resistance might also
be applicable to our isolates. Specifically, within the complex
life cycle of the chlamydiae, there are metabolically inert forms
such as the elementary body that are likely to be unaffected by
antibiotics, as well as intermediate and aberrant forms that
may be preferentially induced under antibiotic pressure (2, 9).
There is no light microscopy evidence, however, that these
atypical forms are increased in clinical isolates for which the
MICs are higher (data not shown). We might also have missed
small subpopulations of stably resistant isolates against a background of susceptible ones. Newer methods that would be
more sensitive than direct sequencing for these minor populations and more adaptable to the screening of larger numbers of
isolates, such as heteroduplex analysis (25) or single-strand
conformational polymorphisms (5), are being considered for
future studies.
Phenotypic methods. Induction of macrolide resistance in an
acute C. pneumoniae infection model was attempted by inoculating HEp-2 cells with C. pneumoniae TW-183 (ATCC VR
2282) at a high multiplicity of infection (5 ⫻ 107 inclusionforming units/ml). The medium was then replaced with one
with one-half or one-fourth of the MICs of azithromycin (0.12
or 0.06 g/ml), clarithromycin (0.03 or 0.016 g/ml), and levofloxacin (0.5 or 0.25 g/ml) and incubated for 72 h at 35°C. Six
blind passages over 21 days were performed in the presence of
the same antimicrobials, after which plates were fixed and
stained with antichlamydial antibodies specific for lipopolysaccharide (Pathfinder; Bio-Rad, Redmond, Wash.).
Induction of antimicrobial resistance in a persistent-infection model was attempted by replacing the growth medium in
continuous C. pneumoniae CM-1 (ATCC VR-1360) cultures
(18) with medium with or without 0.03 g of azithromycin per
ml, 0.008 g of clarithromycin per ml, and 0.125 g of levofloxacin per ml (each at one-eighth of the MIC). Cultures were
incubated for 30 days, and the medium was changed and fresh
antibiotics were added every 3 days. Samples were obtained on
days 0, 6, 12, 18, 24, and 30 for direct detection of chlamydial
inclusions after fixing of adherent cells and staining with anti-
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due to C. pneumoniae in such sanctuary sites, which are unable
to concentrate macrolides.
Repeated passage in subinhibitory concentrations of various
antibiotics including macrolides reproducibly induces resistance in other bacteria (6, 26). Our attempts to select for
resistant chlamydia strains are in contrast to those of DessusBabus et al. (7), who induced high-level resistance to ofloxacin
and sparfloxacin in C. trachomatis after four passages in subinhibitory concentrations (one-half of the MIC) of the drugs.
Our results are more similar to those of Morrissey et al. (22),
who also were able to induce resistance to ofloxacin and ciprofloxacin in C. trachomatis, but not in C. pneumoniae after
more than 30 passages in subinhibitory concentrations of the
quinolones. As with the macrolides in the chronic infection in
our study, viable forms of C. pneumoniae seemed to occur after
passage in sparfloxacin but could not be propagated. Clearly,
C. pneumoniae is different from C. trachomatis and other bacteria.
C. pneumoniae appears not to develop high-level antibiotic
resistance very readily and to be susceptible to even low levels
of macrolides (one-eighth of the MIC) in our in vitro chronicinfection model, which is reassuring. However, more subtle
changes in macrolide susceptibility have been demonstrated in
clinical isolates, and these need to be further defined, as they
may be the first steps toward genuine high-level resistance in C.
pneumoniae. Finally, most published studies of treatment of C.
pneumoniae infection have relied on serology for diagnosis,
rather than culture, and this makes it impossible to detect or
monitor for the emergence of resistance. Recognizing drug
resistance if and when it occurs is especially important in view
of the ongoing studies of prolonged antibiotic treatment for
prevention of cardiac morbidity (10), which could inadvertently both induce resistance and be compromised by it.
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