
The United States National Committee for Clinical Lab-
oratory Standards in 200817. The minimum inhibitory con-
centrations (MICs) of the macrolide antibiotic agents for
the 104 M. pneumoniae clinical isolates were determined
by microdilution method.

Briefly, medium containing 104-105 CFU/mL of M.
pneumoniae was dispensed into 96-well microplates and
incubated at 37°C for 6-8 days. There were 3 controls:
medium that was used as the negative control; medium
containing the highest concentration of antimicrobial
agents was used as the drug control; medium containing
only M. pneumoniae was used as the drug-free control.
The definition of MIC was the lowest concentration of an-
timicrobial agents at which the metabolism of the M.
pneumoniae was inhibited as evidenced by the deficiency
of color change in the medium when the drug-free control
just started to show color change. The MIC values were
represented by the average of three test results. The sen-
sitivity of isolates was determined according to the stan-
dards prescribed by the United States National Committee
for Clinical Laboratory Standards 200817. MIC values of
resistant strains were 4 times greater than those of the ref-
erence sensitive strains.

The antibiotic agents we used for inducing macrolide
resistance of M. pneumoniae were erythromycin,
azithromycin, and kitasamycin. The agent concentrations
were diluted to 1/2 of the minimum inhibitory concentra-
tion. M. pneumoniae was inoculated to 2 mL medium con-
taining 1/2 MIC of erythromycin, azithromycin and
kitasamycin, respectively, and then incubated at 37°C be-
fore being inoculated to medium containing 1/2 MIC of
macrolide antibiotic agents when the medium color
changed from red to yellow and clear. M. pneumoniae re-
peatedly underwent subculture for 10 generations, and
then continued to extend in medium containing the origi-
nal drug concentration. MIC values of M. pneumoniae
were determined after macrolide induction. When MIC
values were increased 4-fold than before, resistance in-
duction was successful. The reference strains inoculated
in the absence of drug medium after subculture for 10 gen-
erations were used as control. In the induction process,
0.1 mL bacteria liquid was regularly inoculated to solid

medium. Colony morphology of M. pneumoniae was ob-
served under the microscope to ensure no contamination
from bacteria.

Results
Repeated in vitro exposure to subminimum inhibitory con-
centrations of macrolide antibiotics causes resistance to
macrolide antibiotics in M. pneumoniae

To test the resistance of 104 M. pneumoniae strains to
macrolide antibiotics, the MICs for five macrolide antibi-
otic agents on 104 M. pneumoniae isolates were measured.
After screening 104 M. pneumoniae isolates, 11 sensitive
isolates were found not resistant to macrolide, and then in-
duced by subminimum inhibitory concentrations of eryth-
romycin, azithromycin, or kitasamycin for 10 generations
(Table 2). After erythromycin induction, one isolate (P42)
was dead when passaged to the sixth generation, but the
other 10 isolates were induced for 10 generations, in which
erythromycin MIC values of eight (80%) isolates after in-
duction were four times greater than before (Table 3). In
addition, azithromycin-induced resistance showed that P5,
P42 and P74 sensitive isolates could not survive when pas-
saged to the third generation. Among the other eight isolates

that were induced in the same way as erythromycin, the
azithromycin MIC values in three out of eight (37.5%) iso-
lates were increased fourfold  or more compared with that
before induction (Table 3). However, after induction by ki-
tasamycin, P4 was dead when passaged to the fourth gen-
eration. Among the other ten isolates treated by kitasamycin
the same as erythromycin, the kitasamycin MIC values of
six out of 10 (60%) isolates were fourtimes greater than
those before induction (Table 3). These data suggested that
repeated in vitro exposure to subminimum inhibitory con-
centrations of macrolide antibiotics could cause resistance
to macrolide antibiotics in M. pneumoniae.

Selective mutations in ribosomal genes of M. pneumoniae
clinical isolates contribute to resistance to macrolide an-
tibiotics

To analyze the resistant genes of the induced
macrolide-resistant M. pneumoniae isolates, PCR ampli-
fication and GenBank sequence comparison were per-
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Table 3. Drug susceptibility after induction with erythromycin, azithromycin and kitasamycin.
Strains MIC (mg/L) of erythromycin MIC (mg/L) of azithromycin MIC (mg/L) of kitasamycin

Before After Folds Before After Folds Before After Folds
induction induction induction induction induction induction

P2 0.004 0.016 4 0.004 0.004 0 0.004 0.032 8
P4 0.002 0.016 8 0.001 0.001 0 0.016 0.032 2
P5 0.002 0.032 16 0.008 0.032 4
P7 0.004 0.016 4 0.002 0.008 4
P14 0.004 0.008 2 0.002 0.008 4 0.016 0.064 4
P21 0.004 0.008 2 0.002 0.008 4 0.008 0.032 4
P28 0.002 0.032 16 0.001 0.002 2 0.008 0.032 4
P42 0.008 0.016 2
P74 0.004 0.016 4 0.016 0.032 2
P97 0.004 0.016 4 0.002 0.002 0 0.016 0.032 2
P99 0.016 0.064 4 0.001 0.002 2 0.064 0.256 4
MIC: minimum inhibitory concentration.
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