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Azithromycin at clinically relevant doses does not inhibit planktonic growth of the opportunistic pathogen
Pseudomonas aeruginosa but causes markedly reduced formation of biofilms and quorum-sensing-regulated
extracellular virulence factors. In the Gac/Rsm signal transduction pathway, which acts upstream of the
quorum-sensing machinery in P. aeruginosa, the GacA-dependent untranslated small RNAs RsmY and RsmZ
are key regulatory elements. As azithromycin treatment and mutational inactivation of gacA have strikingly
similar phenotypic consequences, the effect of azithromycin on rsmY and rsmZ expression was investigated. In
planktonically growing cells, the antibiotic strongly inhibited the expression of both small RNA genes but did
not affect the expression of the housekeeping gene proC. The azithromycin treatment resulted in reduced
expression of gacA and rsmA, which are known positive regulators of rsmY and rsmZ, and of the PA0588-PA0584
gene cluster, which was discovered as a novel positive regulatory element involved in rsmY and rsmZ expression.
Deletion of this cluster resulted in diminished ability of P. aeruginosa to produce pyocyanin and to swarm. The
results of this study indicate that azithromycin inhibits rsmY and rsmZ transcription indirectly by lowering the
expression of positive regulators of these small RNA genes.

The macrolide azithromycin (AZM) is a widely used antibi-
otic that blocks translation in susceptible bacteria by binding to
the 50S ribosomal subunit. Although AZM does not inhibit
planktonic growth of the opportunistic pathogen Pseudomonas
aeruginosa at therapeutically relevant doses, the antibiotic has
nevertheless been found to have beneficial effects in the treat-
ment of chronic P. aeruginosa lung infections in cystic fibro-
sis patients. The observed improvement of pulmonary func-
tion may result from a combination of several mechanisms,
among which the anti-inflammatory effects and the antibio-
film and antivirulence properties of AZM appear to be most
important (10, 16, 29, 30, 39, 51). Beneficial effects of AZM
have also been seen in experimental urinary tract infections
caused by P. aeruginosa (1). Numerous studies have docu-
mented that AZM at low concentrations inhibits the forma-
tion of a range of extracellular virulence factors in P. aerugi-
nosa in vitro (24, 25, 44).

The mode of action of AZM in P. aeruginosa is not entirely
clear. The drug accumulates intracellularly and inhibits quo-
rum sensing and biofilm formation in a dose-dependent man-
ner (8, 11, 44, 45). Moreover, AZM appears to kill biofilm cells
selectively (29). Quorum sensing in P. aeruginosa consists of a
network of regulatory mechanisms that are activated by chem-
ical signals. These signal molecules—mainly N-(3-oxodode-
canoyl)-homoserine lactone (3-oxo-C12-HSL) and N-butanoyl-
homoserine lactone (C4-HSL)—are produced and released by
the bacteria in response to cell population densities, as well as
to environmental and nutritional factors (6, 38, 49). 3-Oxo-C12-
HSL activates the master regulator of quorum sensing, the

LasR transcription factor. LasR, together with the additional
regulators VqsR and QscR, positively controls the expression
of the RhlR transcription factor and its cognate signal, C4-HSL
(49). Several studies have shown that AZM (at 2 �g/ml) down-
regulates the formation of 3-oxo-C12-HSL and C4-HSL in P.
aeruginosa and that the resulting inhibition of the quorum-
sensing machinery leads to diminished formation of the blue
pigment pyocyanin, extracellular lytic enzymes, and biofilm
matrix polymers, whereas the type III secretion system and the
type IV pili are expressed at enhanced levels (16, 19, 31, 40).
Furthermore, AZM improves clearing of P. aeruginosa from
infected mouse lungs (16).

The Gac/Rsm signal transduction pathway positively con-
trols quorum sensing in P. aeruginosa. In this regulatory cas-
cade, the GacS/GacA two-component system activates tran-
scription of two genes, rsmY and rsmZ, encoding small RNAs
(sRNAs), which have high affinity for the RsmA protein.
RsmA is a translational regulator; it can repress translation of
target mRNAs by preventing ribosome binding. When the
RsmY and RsmZ sRNAs are present in high concentrations,
they sequester RsmA and thus allow translation of target
mRNAs, including those in charge of quorum-sensing regula-
tion (3, 20, 22, 33, 35). Mutational inactivation of gacA or
overexpression of rsmA results in decreased formation of the
quorum-sensing signal molecules (mainly C4-HSL), pyocyanin,
and exoenzymes, as well as in perturbed biofilm-forming ca-
pacity, whereas the type III secretion system and type IV pili
are upregulated (2, 4, 20, 27, 32, 33, 35, 41). Furthermore, a
gacA mutant is deficient in colonizing the mouse lung (5),
whereas an rsmA mutant colonizes the lung more persistently
(28). Overall, the phenotypic effects of a gacA mutation are
strikingly similar to those of AZM in the wild type of P. aerugi-
nosa, suggesting that AZM might inhibit the Gac/Rsm signal
transduction pathway. Here, we report that AZM blocks rsmY
and rsmZ expression, and we find that the expression of several
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activators of rsmY and rsmZ transcription is sensitive to inhi-
bition by AZM.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains,
plasmids, and oligonucleotides used are listed in Table 1. Strains of Escherichia
coli and P. aeruginosa PAO1 were routinely grown in nutrient yeast broth (NYB)
(42) or Luria broth (LB) (36) with shaking or on nutrient agar (42) plates
amended with the following antibiotics when required: ampicillin at 100 �g/ml,
tetracycline (Tc) at 25 �g/ml (125 �g/ml for selection of P. aeruginosa), and
carbenicillin (Cb) at 300 �g/ml. Chloramphenicol was used at a concentration of
10 �g/ml to counterselect E. coli in mating experiments. AZM was used at 2
�g/ml. When relevant, 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal) was added to plates at a final concentration of 0.02%. Swarming was
evaluated on plates containing 0.5% (wt/vol) agar, 8 g/liter of nutrient broth
(Oxoid), and 5 g/liter of glucose (15).

Construction of plasmids and of a gene replacement mutant. DNA cloning
and plasmid preparations were performed according to standard methods (36).
Large-scale preparations of plasmid DNA were performed using JETstar 2.0
(Genomed). To construct strain PAO6733 (�PA0588-0584), an upstream
1,057-bp fragment and a downstream 627-bp fragment were amplified by
PCR using the primer pairs UPPA0588F/PA0588-78 and PA0584-1226/
DOWNPA0584, respectively. These products were digested with HindIII plus
PstI and PstI plus EcoRI, respectively, and cloned into the corresponding sites of

the suicide vector pME3087, yielding plasmid pME9902. This construct, carried
by E. coli DH5�, was then introduced into P. aeruginosa strain PAO1 by tripa-
rental mating, using the helper strain E. coli HB101(pRK2013). Merodiploids
were resolved as described previously (50). The resulting P. aeruginosa strain
PAO6733 carried a PA0588-PA0584 deletion. The deletion was confirmed by
PCR, and the PCR fragment obtained was checked by sequencing.

A translational PA0588�-�lacZ fusion, in which the �lacZ reporter gene was
fused to the 4th codon of the PA0588 open reading frame, was constructed by
cloning a 380-bp fragment containing the PA0588 promoter and translation
initiation region into the BamHI and PstI sites of pME6013, yielding pME9920.
This fragment was generated by PCR using the P. aeruginosa PAO1 genome as
the template and primers TranslfusPA0588-F and TranslfusPA0588-R.

�-Galactosidase assay. P. aeruginosa cells were grown in 20 ml of NYB, with
or without AZM, in 50-ml Erlenmeyer flasks. Triton X-100 (0.1% [wt/vol])
was added to the cultures to avoid cell aggregation. Samples were taken
during various growth phases and permeabilized with 5% (vol/vol) toluene.
�-Galactosidase activities were then measured according to the Miller
method (23).

Pyocyanin assay. The pyocyanin assay is based on the absorbance of pyocyanin
at 520 nm in acidic solution (7). Overnight cultures of the strains to be tested
were diluted to an optical density at 600 nm (OD600) of 0.05 in 25 ml of LB and
grown at 37°C until they reached an OD600 of 2 to 3 (after 8 h). A 5-ml sample
of each strain was centrifuged, and the supernatant was extracted with 3 ml of
chloroform. After being mixed with a vortex, the lower phase was taken and
mixed with 1 ml of 0.2 M HCl in glass tubes until the upper phase showed a pink

TABLE 1. Strains, plasmids, and primers used in the study

Strain, plasmid,
or primer Relevant characteristics or sequence (5�3 3�)a Reference or source

E. coli
DH5� �� �80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

� mK
�) supE44

thi-1 gyrA relA1
36

HB101 proA2 hsdS20 (rb
� mb

�) recA13 ara-14 lacY1 galK2 rpsL20 supE44 xyl-5 mtl-1 F� 36

P. aeruginosa
PAO1 Wild type ATCC 15692
PAO1-retS PAO1 containing a deletion in the retS gene 26
PAO6281 gacA::	Sm/Sp; Sm/Spr 35
PAO6327 gacS::	Sm/Sp; Sm/Spr C. Reimmann,

unpublished data
PAO6733 PAO1 containing a 8,320-bp deletion in the PA0588-PA0584 genes This study

Plasmids
pME3087 Suicide vector for allelic replacement; ColE1 replicon; Tcr 46
pME3331 Transcriptional rsmZ-lacZ fusion; Tcr 15
pME3641 Plasmid carrying a translational proC�-�lacZ fusion, Cbr 37
pME3859 Plasmid carrying a translational rsmA�-�lacZ fusion; Tcr 33
pME6013 Broad-host-range vector for translational �lacZ fusions; Tcr 14
pME6119 Translational gacA�-�lacZ fusion; Cbr 35
pME7311 Transcriptional rsmY-lacZ fusion; Tcr 20
pME9902 Suicide construct derived from pME3087 used for deletion of the

PA0588-PA0584 locus; Tcr
This study

pME9920 pME6013 derivative carrying a translational PA0588�-�lacZ fusion; Tcr This study
pRK2013 Helper plasmid; ColE1 replicon; Tra
 Kmr 9

Primers
PRSMZ1 CGTACAGGGAACACGCAACC 15
PRSMZ2 AAAAAAAGGGGCGGGGTATT 15
PAOTRR1 GTCAGGACATTGCGCAGGAAGC 47
PAOTRR2 AAAACCCCGCCTTTTGGGCG 47
UPPA0588 CGAAAGCTTCACCCGCATGCGT This study
PA0588-78 GCTGACGTCGAGATATTCCTGGAG This study
PA0584-1226 AGACTGCAGGCCTGAAGCAGCGC This study
DOWNPA0584 TATGAATTCGCCCGGGAATC This study
TranslfusPA0588-F CAGGGATCCTATTTCATCCAGCAG This study
TranslfusPA0588-R TCCCTGCAGAAAATGCTCATGACGTC This study
5SrRNA-1 GCCTAAGCTTTTGGACAGGATGGGGTTGGA 13
5SrRNA-2 CAAAGAATTCGACGATTGTGTGTTGTAAGG 13

a Underlined sequences in primers indicate restriction sites as specified in Materials and Methods.
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to deep-red color (approximately 30 min). The absorbance of this solution was
measured at 520 nm (A520). Concentrations, expressed as �g of pyocyanin pro-
duced per ml of culture supernatant, were determined by multiplying the A520

value by 17.072 (7).
RNA extraction and Northern blots. P. aeruginosa PAO1 was inoculated at an

OD600 of 0.04 into 20 ml of NYB medium, with or without 2 �g/ml of AZM. The
cultures were grown at 37°C with vigorous shaking until they reached an OD600

of approximately 3, and then cells were harvested and RNAProtect Bacteria
(Qiagen) was added. Total RNA was isolated by the hot-phenol method as
described previously (13). The quality of total RNA was checked by agarose gel
electrophoresis, and the quantity was measured in a NanoDrop spectrophotom-
eter. Digoxigenin (DIG)-labeled probes were obtained with DNA-labeling mix

(Roche) as follows: PCR fragments were synthesized with P. aeruginosa PAO1
genomic DNA as the template and primer pairs PRSMZ1-PRSMZ2 and
PAOTRR1-PAOTRR2 for rsmZ and rsmY probes, respectively. RNAs (�3 �g
per lane) were separated on a denaturing urea-polyacrylamide gel and analyzed
by Northern blotting as previously described (47), with minor modifications:
RNAs were transferred by electroblotting (30 min at 150 mA) onto a charged
nylon membrane (Hybond-N
; GE-Amersham) and revealed by hybridization
with the DIG-labeled probes and exposure to a light-sensitive film (Super RX;
Fujifilm). 5S rRNA served as a loading control. For this purpose, a 5S rRNA
gene probe was synthesized with primers 5SrRNA-1 and 5S-rRNA-2 (Table 1)
and DIG labeled. The membranes could be used a second time for Northern blot
detection of 5S rRNA. To completely detach the probe previously hybridized, the
membranes were rinsed with diethylpyrocarbonate-treated H2O and immersed
twice in 0.2 M NaOH containing 0.1% SDS for 15 min. The membranes were
then rinsed with 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
solution (36) and used in the second Northern blot.

RESULTS

AZM blocks induction of rsmZ and rsmY expression in P.
aeruginosa. We initially verified that AZM at 2 �g/ml had no
effect on planktonic growth of P. aeruginosa PAO1 in NYB but
inhibited the formation of quorum-sensing-dependent exo-
products (data not shown), in agreement with published data

FIG. 1. Regulation of rsmZ and rsmY expression in the presence or
absence of AZM. (A) The �-galactosidase activities of an rsmZ-lacZ
transcriptional fusion carried by pME3331 (squares) and growth (tri-
angles) were determined in P. aeruginosa PAO1 in the absence (filled
symbols) or presence (empty symbols) of 2 �g/ml of AZM. The ex-
periments were done in triplicate; average values  standard devia-
tions are shown. (B) The �-galactosidase activities of an rsmY-lacZ
transcriptional fusion carried by pME7311 (squares) and growth (tri-
angles) were determined in P. aeruginosa PAO1 in the absence (filled
symbols) and presence (empty symbols) of 2 �g/ml of AZM. The
experiments were done in triplicate; average values  standard devi-
ations are shown. (C) Northern blot analysis of RsmZ and RsmY RNA
in the absence (�) and presence (
) of AZM. Total RNA (3 �g) was
prepared from cultures in the late exponential phase (OD600 � 3). 5S
rRNA was used as a loading control.

FIG. 2. Regulation of proC, gacA, and rsmA expression in the pres-
ence or absence of AZM. The �-galactosidase activities of transla-
tional proC�-�lacZ, gacA�-�lacZ, and rsmA�-�lacZ fusions carried by
pME3641 (A), pME6119 (B), and pME3859 (C), respectively, were
determined in P. aeruginosa PAO1 in the absence (filled symbols) or
presence (empty symbols) of 2 �g/ml of AZM. The experiments were
done in triplicate; average values  standard deviations are shown.

VOL. 55, 2011 sRNAs AS AZITHROMYCIN TARGET IN PSEUDOMONAS AERUGINOSA 3401



(8, 16, 31, 40, 45). The expression of transcriptional rsmZ-lacZ
and rsmY-lacZ fusions was strongly inhibited by AZM at 2
�g/ml; AZM prevented cell population density-dependent in-
duction of both rsmZ and rsmY during postexponential growth
(Fig. 1A and B). This result was confirmed by Northern blot-
ting: the intracellular concentrations of RsmZ and RsmY
sRNAs were reduced about 5- and 10-fold, respectively, after
AZM had been administered (Fig. 1C). As noted previously
(20), RsmY sRNA was present as a full-length molecule and as
a shortened form, which possibly lacks the terminator struc-
ture. In a control experiment, the expression of a translational
lacZ fusion to a constitutively expressed housekeeping gene,
proC (37), was unaffected by the addition of AZM (Fig. 2A). In
conclusion, AZM strongly inhibits the immediate output of the
GacS-GacA system, i.e., the synthesis of the RsmZ and RsmY
sRNAs, and this mode of action occurs upstream of the quo-
rum-sensing machinery (20, 33, 35).

AZM treatment results in diminished expression of GacA
and RsmA. The response regulator GacA binds to an upstream
activating sequence in the rsmZ and rsmY promoters, and this
interaction is essential for transcriptional induction of both
genes (3, 17, 22). Furthermore, the RsmA protein has a
marked positive effect on rsmZ and rsmY transcription; this
regulation occurs via a feedback loop, whose components are
not known (15, 20). Addition of AZM led to reduced expres-
sion of translational gacA�-�lacZ and rsmA�-�lacZ fusions in
the wild-type PAO1 compared to the uninhibited control (Fig.
2B and C), suggesting that AZM may curtail the availability of
both GacA and RsmA.

Although rsmZ-lacZ expression was low in a gacA mutant,
AZM still lowered the residual levels (Fig. 3A), implying that,
besides gacA, there are additional targets of AZM. In theory,
AZM might interact with the GacS sensor or its antagonist, the

RetS sensor (12), and such interference with signaling might
account for the observed decrease in rsmZ and rsmY expres-
sion (Fig. 1A and B). However, in both a gacS and a retS
background, AZM remained able to reduce rsmZ expression
(Fig. 3B, C). Taken together, these data suggest that the pro-
nounced effect of AZM on rsmZ and rsmY transcription in-
volves several potentially synergistic interactions with activa-
tors of rsmZ and rsmY.

The PA0588-PA0584 gene cluster contributes to rsmZ and
rsmY expression. A recent transcriptomic study (19) shows that
AZM at 2 �g/ml has a particularly strong (about 50-fold)
negative effect on the abundance of the PA0586 and PA0587
transcripts in P. aeruginosa. Little is currently known about the
functions of the PA0588-PA0584 gene cluster from which
these transcripts emanate, except that some genes have homo-
logues in other bacteria (Fig. 4A). The proximal PA0588 gene
appears to encode a Ser/Thr protein kinase, which has been
detected as a phosphorylated protein in P. aeruginosa (34). The
distal PA0584 gene is annotated as cca, which is likely to code
for a tRNA-nucleotidyltransferase adding a CCA trinucleotide
to the 3� ends of tRNAs (48). The PA0587-PA0585 genes
specify hypothetical proteins (43). We verified that the AZM
treatment resulted in strongly diminished expression of a trans-
lational PA0588�-�lacZ fusion carried by pME9920 (Fig. 4B).

We constructed a deletion mutant, PAO6733, lacking the
entire PA0588-PA0584 gene cluster. Production of pyocya-
nin was reduced in this mutant at the end of growth in
comparison with the wild-type PAO1 (Fig. 5A). A similar
reduction of pyocyanin formation was seen upon AZM
treatment of the wild type (Fig. 5A). Furthermore, the de-
letion mutant PAO6733 had a swarming deficiency resem-
bling that of the AZM-treated wild type (21) (Fig. 5B).

FIG. 3. Expression of an rsmZ-lacZ transcriptional fusion (pME3331) in the P. aeruginosa gacA mutant PAO6281 (A), in the gacS mutant
PAO6327 (B), and in the retS mutant PAO1-retS (C) in the absence (filled symbols) or presence (empty symbols) of 2 �g/ml of AZM. The
experiments were done in triplicate; average values  standard deviations are shown.
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Thus, the functions of the PA0588-PA0584 cluster overlap
with those of the quorum-sensing machinery.

We then asked whether deletion of the PA0588-PA0584 cluster
would affect rsmZ and rsmY expression. In the deletion mutant

PAO6733, expression of both rsmZ-lacZ and rsmY-lacZ was re-
duced about 2-fold at the end of growth, and AZM caused further
lowering of expression (Fig. 6A and B). Although the mutant was
handicapped during an early growth phase in NYB because of a
delayed exit from stationary phase and a longer doubling time (60
min instead of 40 min for the wild type), the final cell population
densities of the mutant were similar to those of the wild type (Fig.
6A and B). Thus, one function of the PA0588-PA0584 cluster is
to sustain full rsmZ and rsmY expression, and this positive-control
effect on rsmZ and rsmY expression adds to the known positive
effects of GacA and RsmA. As none of the five genes in the
PA0588-PA0584 cluster encodes a transcription factor, the effect
that deletion of the cluster has on rsmZ and rsmY transcription is
probably indirect.

DISCUSSION

The strong inhibitory effect of AZM on the expression of the
sRNA genes rsmY and rsmZ in P. aeruginosa is striking, espe-

FIG. 4. (A) Schematic representation of the PA0588-PA0584 gene
cluster (43). Homologous genes found in E. coli and Bacillus subtilis
are indicated below the corresponding PA numbers. Mutant PAO6733
was constructed in P. aeruginosa PAO1 by deletion of all five genes, as
described in Materials and Methods. (B) Influence of AZM on the
expression of a translational PA0588�-�lacZ fusion. �-Galactosidase
activities were determined in the absence (filled symbols) or presence
(empty symbols) of AZM. The experiments were done in triplicate;
average values  standard deviations are shown.

FIG. 5. Influence of the PA0588-PA0584 gene cluster and AZM on
pyocyanin production and swarming motility in P. aeruginosa. (A) Pyo-
cyanin levels were determined in P. aeruginosa PAO1 (black bar),
PAO6733 (�PA0588-0584; grey bar), and in P. aeruginosa PAO1 in the
presence of AZM (white bar). The value obtained for PAO1 was set at
100%. Each value is the average of three different LB cultures grown
for 8 h, and the error bars show standard deviations. (B) Swarming
ability was tested on semisolid medium after 16 h of incubation at 37°C
for PAO1 and PAO6733 in the absence or presence of AZM.

FIG. 6. Effect of a PA0588-PA0584 deletion on the expression of
the rsmZ and rsmY genes. (A) The growth (circles) and �-galactosidase
activities of an rsmZ-lacZ transcriptional fusion carried by pME3331
were determined in the P. aeruginosa wild type (squares) and in the
deletion mutant PAO6733 (triangles) in the absence (filled symbols) or
presence (empty symbols) of 2 �g/ml of AZM. The experiments were
done in triplicate; average values  standard deviations are shown.
(B) Growth (circles) and �-galactosidase activities of an rsmY-lacZ
transcriptional fusion carried by pME7311 were determined in the P.
aeruginosa wild type (squares) and in the mutant PAO6733 (triangles)
in the absence (filled symbols) and presence (empty symbols) of 2
�g/ml of AZM. The experiments were done in triplicate; average
values  standard deviations are shown.
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cially as growth of the organism and expression of a house-
keeping gene (proC) were unaffected under the same condi-
tions (Fig. 1 and 2A). Given that AZM is an inhibitor of
translation in susceptible bacteria, including P. aeruginosa (21),
it is likely that AZM acts indirectly on rsmY and rsmZ tran-
scription. This could occur via AZM-mediated inhibition of
translational expression of regulatory proteins that activate
rsmY and rsmZ transcription. The evidence obtained in this
study supports this view. GacA and RsmA, both known to be
crucial for induction of rsmY and rsmZ transcription (15, 20),
were expressed at significantly reduced levels upon AZM ad-
dition (Fig. 2B and C). Moreover, we newly identified an
AZM-sensitive gene cluster (PA0588-PA0584) that makes a
positive contribution to rsmY and rsmZ expression (Fig. 4 and
6). While more work is needed to elucidate the roles of indi-
vidual genes in this cluster, we conclude from our work and
from a recent independent study (19) that AZM downregu-
lates the expression of a number of genes that exert positive-
control functions upstream of the quorum-sensing machinery.
A model summarizing the mechanisms investigated in this
work is presented in Fig. 7. In the same vein, Kai and collab-
orators (19) have pointed out that AZM downregulates the
expression of several genes that are needed to supply the
metabolic precursors of the quorum-sensing signals 3-oxo-C12-
HSL and C4-HSL.

Although in theory the strong negative effect of AZM on the
RsmY and RsmZ sRNAs might involve some interference with
signal transduction from the membrane-bound sensors RetS
and GacS to the response regulator GacA, two observations do
not support such a hypothesis. First, AZM is known to accu-
mulate intracellularly and to inhibit translation of susceptible
mRNAs in P. aeruginosa (21, 44). Second, AZM continued to
have inhibitory effects on rsmZ expression even in gacA, gacS,
and retS mutants (Fig. 3). We therefore conclude, as have
other authors (21, 44), that AZM basically acts on translating
ribosomes in the cytoplasm. It still remains to be understood

which features an mRNA needs to have for translation to be
AZM sensitive in P. aeruginosa.

Among the multiple effects that AZM has been reported to
exert in P. aeruginosa, not all may necessarily depend on in-
terference with rsmYZ expression and hence with quorum
sensing. For instance, AZM-mediated killing of stationary-
phase and biofilm cells and changes in membrane permeability
(16, 18, 29, 40) may involve other mechanisms. However, to
our knowledge, the observation that AZM inhibits the expres-
sion of RsmY and RsmZ is the first example of an antibiotic
inhibiting the expression of sRNAs in a bacterium. This high-
lights the possibility that RsmY and RsmZ could be used as
sensitive reporters of AZM action in P. aeruginosa, which may
be helpful in future clinical studies evaluating the efficacy of
AZM as a treatment of P. aeruginosa infections.
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