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TNP092, and TNP093 are the derivatives of TNP090, which
lack lasI and rhlI and both lasI and rhlI, respectively (16).
TNP030 carries a mutation in mexR, producing an elevated
level of MexAB-OprM (25). TNP077 lacks chromosomal
mexAB-oprM (17). The amount of MexAB-OprM expressed
was quantified as the reporter enzyme activity of Cat-2,3-diO.
An overnight culture of the TNP090 strain (las⫹ rhl⫹) was
diluted 100,000-fold (or 10,000-fold) with fresh Luria-Bertani
broth containing 1 g/ml of azithromycin (AZM) or without
the drug, adjusting the A600 to 3 ⫻ 10⫺5 (or 3 ⫻ 10⫺4). The
flasks were rotated at 200 rpm at 37°C for the desired period of
time. Cells were harvested by centrifugation at 5,000 ⫻ g for 15
min. Cat-2,3-diO activity was determined, as reported earlier
(28), in the cell extracts, prepared by passage through a French
pressure cell at 130 MPa three times and obtaining the supernatant from centrifugation at 13,000 ⫻ g for 20 min. One unit
was defined as 1 nmol of substrate hydrolysis per min per mg
of protein. Macrolide antibiotics did not interfere with the
Cat-2,3-diO assay in the concentration range used. MICs of
antibiotics were determined by the agar dilution method using
Mueller-Hinton agar in the presence and absence of 1.0 g/ml
of AZM, which is 1/6.25 the MIC of AZM (MIC/6.25), in the
respective strains. The cell number was adjusted to either 5 ⫻
103 cells or 150 CFU/5 l/spot.
TNP090 carrying mexB::xylE showed a low-level MIC of
AZM at 6.25 g/ml, due to impaired MexAB-OprM; otherwise, the level was 100 g/ml. Thus, most experiments were
conducted in the presence and absence of MIC/6.25 (1.0 g/
ml) of AZM, as determined by the agar dilution method with
5 ⫻ 103 cells. Overnight precultures grown without AZM expressed 95.2 and 82.1 units of Cat-2,3-diO (Fig. 1). These
precultures were diluted with a 100,000-fold volume of fresh
medium (calculated by an A600 of 3 ⫻ 10⫺5) to minimize the
carryover of MexAB-OprM-positive cells, and the cells were
grown for 4.5 h for drug-free culture and 5.5 h for AZMcontaining culture to reach an A600 of 0.025. Cat-2,3-diO activity was 44.3 and 30.9 units for cultures in the presence and
absence of AZM, respectively. The enzyme activity in cells
without drug was 66.5, 167.0, and 179.6 units at 4.5 plus 2 h,
plus 4 h, and plus 6 h, respectively. The results clearly showed

Long-term administration of a sub-MIC level of macrolide
antibiotics has been used empirically to treat chronic respiratory infection caused by Pseudomonas aeruginosa (8, 13–15),
though P. aeruginosa is intrinsically resistant to macrolides.
The observation was interpreted to mean that macrolides perturb the production of cell density-dependent virulence factors
via the quorum-sensing (Q-S) circuits (12, 27, 29, 30). The Q-S
circuits in P. aeruginosa are composed of the las and rhl systems, which regulate the production of virulence factors, e.g.,
elastase and protease and biofilm formation (3, 9, 21, 30).
The P. aeruginosa genome carries several xenobiotic efflux
pumps, and among them, MexAB-OprM plays a major role in
antibiotic extrusion and resistance (5, 6, 19, 20, 24). The
MexAB-OprM pump consists of the subunits MexB, OprM,
and MexA (19, 20, 24), and their roles are the substraterecognizing energy-transmitting subunit (7, 10, 18), the adapter
protein (2, 6, 11) connecting MexB and OprM, and the antibiotics discharge duct protein (1, 19, 24), respectively. Thus,
antibiotics are trapped by MexB, transferred to the OprM
cavity, and eventually discharged to the external milieu with
the aid of MexA (1, 2, 7, 11, 18). Expression of MexAB-OprM
increases in a cell density-dependent manner, suggesting that
expression may be linked to the Q-S circuit(s) (16, 22, 31).
However, it is not known if low-level macrolide affects the
expression of MexAB-OprM and, if so, how it influences antibiotic susceptibility of the cells. Thus, we investigated this
issue in this study.
Relevant properties of the P. aeruginosa strains used are
as follows: PAO4290 is a laboratory prototype strain (32);
TNP090 is a derivative of PAO4290 that carries a chromosomal mexB::xylE fusion construct producing catechol 2,3-dioxygenase (Cat-2,3-diO) in place of MexB (16); TNP091,
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Macrolide antibiotics modulate the quorum-sensing system of Pseudomonas aeruginosa. We tested the effect
of macrolide antibiotics on the cell density-dependent expression of the MexAB-OprM efflux pump and found
that 1.0 g/ml (MIC/6.25) of azithromycin suppressed the expression of MexAB-OprM by about 70%, with the
result that the cells became two- to fourfold more susceptible to antibiotics such as aztreonam, tetracycline,
carbenicillin, chloramphenicol, and novobiocin.
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that the MexAB-OprM transcriptional level increased in a cell
density-dependent manner. Production of Cat-2,3-diO in the
presence of 1.0 g/ml of AZM at 5.5 h plus 2 h, plus 4 h, and
plus 6 h of culture was ⫺30.9, ⫺73, ⫺70.2, and ⫺63%, respectively, relative to the values in the drug-free culture. These
results clearly demonstrated that a MIC/6.25 of AZM suppressed the production of the MexAB-OprM pump. Similar
experiments were conducted using the TNP091, TNP092, and
TNP093 cells lacking lasI and rhlI and both lasI and rhlI,
respectively, at 9 h of culture, which is equivalent to an A600 of
⬃1.5 or early stationary growth phase, and their Cat-2,3-diO
activity levels appeared to be 99, 90, and 100%, respectively, of
those in TNP090 (data not shown), suggesting that macrolidemediated suppression of MexAB-OprM expression is unlikely
to rely on the LasI and LasR circuits.
Since the sub-MIC level of AZM caused low-level expres-

sion of MexAB-OprM, it is conceivable that the cells grown in
the presence of low-level AZM became more susceptible to
the pump-substrate antibiotics than the cells grown in the
AZM-free culture. Thus, we determined the MIC of several
antibiotics in the presence of 16 g/ml (MIC/6.25) of AZM in
the PAO4290 cells producing the wild-type level of MexABOprM. The MICs of chloramphenicol, aztreonam, tetracycline,
carbenicillin, and novobiocin in plates containing 16 g/ml of
AZM were 1/4, 1/2, 1/4, 1/4, and 1/4, respectively, of that in the
drug-free culture (Table 1). The MIC of imipenem, which is
not the substrate of the MexAB-OprM efflux pump, appeared
the same in the presence and absence of AZM, as expected.
The MICs of ceftazidime and ofloxacin, which are poor substrates for the MexAB-OprM pump (32), were indistinguishable in the presence and absence of AZM. AZM exerted no
significant effect on the MICs of antibiotics in the mutant

TABLE 1. MICs of antibiotics in the presence and absence of AZMa
Antibiotic MIC (g/ml)b
Strain

PAO4290 without AZM
PAO4290 with AZM
TNP030 without AZM
TNP030 with AZM
TNP077 without AZM
TNP077 with AZM

Genotype

leu-10 argF10 aph-9004 FP
mexR derivative of
PAO4290
⌬mexA ⌬mexB ⌬oprM
derivative of PAO4290

CHL

ATM

TET

CAR

NOV

IPM

CAZc

OFXc

25
6.25
200

3.12
1.56
12.5

12.5
3.13
50

50
12.5
200

800
200
⬎1200

0.78
0.78
0.78

1.56
1.56
3.13

0.78
0.78
⬎1.56

200
0.39

12.5
0.1

50
0.39

200
0.78

⬎1200
12.5

0.78
0.78

3.13
0.39

⬎1.56
0.05

0.39

0.1

0.39

1.56

12.5

0.78

0.39

0.05

MICs of various antibiotics were determined by the agar dilution method using Mueller-Hinton agar in the presence and absence of 1.0 g/ml of AZM. The cell
number was adjusted to 150 CFU/5 l/spot.
b
CHL, chloramphenicol; ATM, aztreonam; IPM, imipenem; TET, tetracycline; CAR, carbenicillin; NOV, novobiocin; CAZ, ceftazidime; OFX, ofloxacin.
c
MICs of CAZ and OFX in the ⌬mexA and ⌬mexB strains are only twofold lower than in the strain producing a wild-type level of MexAB-OprM expression, and
that in the ⌬oprM strain is four- to eightfold lower (32). This gap is due to the fact that OprM collaborates not only with MexAB but also with other efflux pump subunits
such as MexCD and MexXY.
a
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FIG. 1. Effect of sub-MIC level of azithromycin on the growth-phase-dependent expression of MexAB-OprM. An overnight culture of the
TNP090 (las⫹ rhl⫹) mutant was diluted 100,000-fold as mentioned in the text, and the flasks were rotated at 200 rpm at 37°C for the desired period
of time. Cells in the drug-free culture were harvested as the A600 reached ⬃0.03 in about 4.5 h and at 5.5 h for the 1-g/ml AZM culture. Similarly,
the culture was harvested at 4.5 (or 5.5) plus 2 h, plus 4 h, and plus 6 h. The amount of MexAB-OprM expressed was quantified as the activity
of the reporter enzyme, Cat-2,3-diO. The values shown are representative results of repeated experiments. Gray columns, Cat-2,3-diO in the
drug-free culture; dark-gray columns, Cat-2,3-diO in the 1-g/ml AZM culture; filled triangle, A6001 cm of the drug-free culture; filled circle, A6001 cm
of the 1-g/ml AZM culture.
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thesis and consequently lowered the production of MexABOprM, this action is less likely because chloramphenicol and
streptomycin, both acting on protein synthesis machinery, exerted only a little effect. Further studies may be needed to
clarify this issue.
This study was supported by grants from the Ministry of Education
and Science, Japan.
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