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Objectives: Pseudomonas aeruginosa colonizes the cystic fibrosis (CF) airways causing chronic bacterial
lung infections. CF patients are routinely treated with macrolides, however, P. aeruginosa is considered
insusceptible as consequence of inadequate susceptibility testing leaving resistance mechanism
completely overlooked. Here, we investigated a new mechanism of macrolide resistance caused by ri-
bosomal protein mutations.
Methods: Investigating a longitudinal collection of 529 isolates from CF patients and analysing 5758
protein sequences from different sources, mutations in P. aeruginosa's ribosomal proteins connected to
macrolide resistance were identified. Using a modified susceptibility testing protocol, isolates harbouring
a mutated uL4 ribosomal protein were tested for resistance against macrolide antibiotics and macrolide-
induced quorum sensing modulation. Proteome and ribosome profiling were applied to assess the
impact of the mutations on the bacterial physiology.
Results: Five uL4 mutations were identified in isolates from different CF patients. Most mapped to the
conserved loop region of uL4 and resulted in increased macrolide tolerance (>10-fold relative to wt
strains). Greater concentrations (>10-fold) of macrolide antibiotic were needed to inhibit the growth,
reduce swimming motility, and induce redox sensitivity of the uL4 mutants. 16 proteins involved in
ribosome adaptation displayed altered expression possibly to compensate for the uL4 mutations, which
changed the ribosome stoichiometry without negatively affecting bacterial physiology.
Conclusions: Macrolide antibiotics should, therefore, be considered as active antimicrobial agents against
P. aeruginosa and resistance development should be contemplated when patients are treated with
prolonged courses of macrolides. Importantly, improved macrolide susceptibility testing is necessary for
the detection of resistant bacteria. Lise Goltermann, Clin Microbiol Infect 2022;28:1594
© 2022 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
Introduction

Cystic fibrosis (CF) patients suffer from chronic bacterial lung
infections, which can last for more than 30 years [1]. They are
treated with a plethora of antibiotic, immunomodulatory and
supportive treatments [2,3]. Courses of macrolide treatment are
termann), rugros@biosustain.

r Ltd on behalf of European Society
es/by/4.0/).
typically prescribed as anti-inflammatory supportive treatment of
patients infected with P. aeruginosa [4e8]. However, according to
the EUCAST guidelines [9], P. aeruginosa is not susceptible to mac-
rolides due to its intrinsic resistance phenotype [15]. Recent reports
have highlighted the shortcomings of standardized antimicrobial
susceptibility testing (AST) in accurately predicting macrolide
susceptibility in P. aeruginosa. The introduction of physiologically
relevant media for AST allowed identification of 23S rRNA muta-
tions causing macrolide resistance [10,11]. However, mechanisms
which confer tolerance and/or resistance have not been systemat-
ically investigated.
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Alterations in specific regions of the uL4 and uL22 ribosomal
proteins have been described to cause macrolide resistance
through remodeling of the nascent peptide exit tunnel (NPET) of
the ribosome in Escherichia coli, Streptococcus pneumoniae, Legion-
ella pneumophila and Neisseria gonorrhoeae [12,13]. However, this
has never been investigated in P. aeruginosa, most likely because of
the assumption that macrolides do not exhibit a direct antibacterial
effect on this pathogen [14].

In this study, we investigated collections of P. aeruginosa clinical
isolates spanning different continents and infection scenarios
[15,16], where we identified mutations in the uL4 (rplD) and uL22
(rplV) proteins. The investigated mutations reduce the bacterio-
static effects of macrolide antibiotics but also the macrolide-
induced modulation of quorum sensing properties. Importantly,
differences in macrolide susceptibility are only apparent using a
modified AST broth microdilution method with 50% LB as the test
medium and not through the standardized AST.
Methods

Detailed information is provided in supplementary text S1.
Bacterial strains and media

P. aeruginosa clinical isolateswere isolated at the Copenhagen CF
Center and Department of Clinical Microbiology, at Rigshospitalet,
Copenhagen, Denmark [15,16]. The collection is comprised of 529
isolates collected from 55 patients. The P. aeruginosa laboratory
strain PAO1 was used as laboratory reference [17]. Strains were
routinely grown in LB, 50% LB, RPMI or cation adjusted Muller-
Hinton broth (CA-MHB) at 37�C with shaking.
Antibiotic susceptibility testing

Minimum Inhibitory Concentration (MIC) was determined by
broth microdilution [9] in 50% LB. The MIC was determined as the
lowest concentration, which inhibited visible growth (OD630 <
0.05) in the wells. For post-MIC effect, cell cultures from the MIC
assay were spotted onto LB-agar plates. For measurement of
efflux pump activity, Phenylalanine-Arginine b-Naphthylamide
was included during MIC determination. E-tests (bioM�erieux,
Marcy-l'�Etoile, France) were performed according to manufac-
turer's guidelines but on 50% LB agar. For re-growth experiments,
cultures were incubated with 4x MIC for 2h and then 100-fold
diluted into fresh 50% LB without antibiotic to allow re-growth.
Complementation assay

For complementation assays, the rplD gene from strains PAO1,
LJR04 (DKPW) and 102 (þG) was PCR amplified using primers
rplD_forward and rplD_reverse and inserted through USER-cloning
technology into the pHERD30T vector amplified with primers
pHERD30T_forward and pHERD30T_reverse (table S1). Clinical
strains were transformed as previously described [18].
Redox sensitivity assay

Strains were grown o. n. in 50% LB medium containing 0% or 2%
MIC of azithromycin. Cultures were then mixed with molten 0.5%
LB agar and poured onto pre-cast LB-agar plates. After solidifica-
tion, a filter paper disc saturated with 30% H2O2 was placed on top.
Clearing zones around the H2O2 discs were measured after 24h
incubation at 37�C [8].
Swim assay

Plates containing 50% LB and 0.3% agar, were prepared with or
without 7% MIC of azithromycin, point inoculated and incubated at
30�C for 24h for swimming diameter quantification.

Sucrose density gradient analysis of ribosome complexes

Sucrose gradients were performed according to [19] and frac-
tions analysed using a BioLogic LP system.

Proteomic analysis

Proteomic analysis was performed according to [20].

Protein alignments

uL4 sequences from P. aeruginosa, E. coli, B. cepacia and H.
influenzae, S. aureus and S. pneumoniaewere aligned using CLUSTAL
O (1.2.4). uL4 and uL22 protein sequences were obtained from NCBI
and aligned using the MUSCLE algorithm using the software
SnapGene 5.3.2. The AMAS conservation score was calculated using
the software Jalview.

Results

uL4 and uL22 mutations in clinical P. aeruginosa isolates

Analysis of the sequences of 529 clinical P. aeruginosa isolates at
the CF clinic at Rigshospitalet, Copenhagen, Denmark [15,16],
revealed 14 isolates from different clone types (>10,000 Single
Nucleotide Polymorphisms (SNPs) difference) and 4 different pa-
tients containing 5 differentmutations in the ribosomal protein uL4
(Fig. 1a, b). The DKPW and DRA deletions and the þG and þT in-
sertions are all localized in the extended loop region of uL4 that
normally protrudes into the NPET (Fig. 1a, b). The þVT duplication
is, instead, localized outside of the extended loop region and far
from the NPET of the ribosome (Fig. 1a, b). In all cases, the uL4
mutations appeared after the patients had commenced macrolide
treatment (Fig. 1b).

Only a single mutation (a SNP) was identified in the rplV gene
encoding the uL22 protein (Fig. 1d). None of the mutant strains
contained 23S rRNAmutations or any additional mutations in other
ribosomal proteins [10,15,16].

The alignment of the uL4 protein in a panel of four Gram-
negative and two Gram-positive species shows a 100% conserva-
tion at the specific residues altered in isolates DKPW, DRA, þG
and þT indicating a conserved function of the uL4 extended loop
(Fig. 1c).

By analyzing 2909 uL4 protein and 2849 uL22 protein sequences
originating from previously published P. aeruginosa strains span-
ning different countries and infection scenarios, mutations at
highly conserved residues both identical and distinct from the ones
found in our collection were identified (Fig. 1d).

Mutations in the uL4 loop region provide macrolide resistance

RPMI medium has been suggested for macrolide susceptibility
testing using the broth microdilution methodology [11,21], how-
ever, the analyzed isolates did not grow in this medium (Fig S1a)
possibly because of auxotrophies arisen in the isolates during in-
patient evolution. Therefore, AST was performed using the broth
microdilution methodology in the conventional cation adjusted
Muller-Hinton broth (CA-MHB) as well as in 50% dilute LB broth
(50% LB). To compare isolates with mutant and wild type copy of



Fig. 1. uL4 and uL22 protein mutations in clinical strains of Pseudomonas aeruginosa. a) Localization and structure of the ribosomal uL4 protein in P. aeruginosa ribosomes
(PAO1 6SPG). Circles indicate the position of mutations in the uL4 protein in isolates sampled from cystic fibrosis patients subsequent to antibiotic treatment. b) Emergence of uL4
mutants over time aligned with patient macrolide treatment. Whole genome sequences were analysed to determine if the isolate contained a wt uL4 (circles and hexagons) or a
mutant uL4 (squares and triangles). Hexagons mark the strains containing a wt uL4 used as control for the respective uL4 mutants within the specific clone type. Outlined squares or
triangles mark the uL4 mutant isolate used. Isolate LRJ04 (DK06 clone type) contains a 57-KPW-59 (DKPW) deletion, isolate 249x14C (DK06 clone type) contains a 68-RA-69 (DRA)
deletion, isolate 102 (DK12 clone type) contains a glycine 65 (þG) insertion, isolate C (DK17 clone type) contains a threonine 64 (þT) insertion, and isolate 278 (DK36 clone type),
contains a 189-VT-190 (þVT) duplication. Strains 10 (DKPW and DRA mutants), 99 (þG mutant), K (þT mutant) and 280 (þVT mutant), are ancestor isolates containing a wild type
copy of the uL4 protein. c) Alignment of protein sequence of uL4 in 4 Gram-negative (Pseudomonas aeruginosa, Escherichia coli, Burkholderia cepacia and Haemophilus influenzae) and
2 Gram-positive species (Staphylococcus aureus and Streptococcus pneumoniae). The loop region (shaded green) is highly conserved across species. Numbering refers to Pseudomonas
aeruginosa. d) Alignments of 2909 uL4 and 2849 uL22 protein sequences from P. aeruginosa. Only sequences with alterations compared to PAO1 in otherwise highly conserved
regions of uL4 and uL22 are shown. The asterisk denotes strains in our collection of clinical strains of P. aeruginosa.
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Fig. 2. Bacteriostatic effect of macrolide antibiotics on clinical strains of Pseudomonas aeruginosa. a) Erythromycin or Azithromycin Minimum Inhibition Concentration (MIC)
measured by endpoint optical density (OD630) after 24h incubation in a MIC assay in 50% LB supplemented with the indicated antibiotic concentrations and post-MIC effect
determined as the minimum concentration needed to prevent re-growth when spotted onto LB-agar after 24h MIC incubation. The MIC value is the lowest concentration of
antibiotic resulting in an endpoint OD of 0. The data represent the mean ± SD of 3-6 replicates. Differences relative to the wt strain antibiotic were computed by Student's t-test
where *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. b) Bacteriostatic effect of erythromycin and azithromycin. Re-growth was monitored for 48h upon short treatment at 4xMIC
followed by 100-fold dilution into non-antibiotic containing medium. Antibiotic concentrations used for each strain are given in each panel, (No Ab, no antibiotic; Ery, erythromycin;
Azi, azithromycin; 100x, post-treatment upon 100-fold dilution into non-antibiotic containing medium). c) Post-MIC effect determined after 24h of incubation in a MIC setup in 50%
LB with (þ) or without (-) addition of the efflux pump inhibitor phenyl-arginine-b-naphthylamide (PAbN) at 2 mg/ml. d) Complementation of the uL4 mutations by over-expression
of the wt copy of the uL4 protein from an inducible plasmid. Strain DKPW over-expressed either the wt uL4 from PAO1 (pPAO1) or its own copy (pDKPW) while strain þG over-
expressed either the wt uL4 from PAO1 (pPAO1) or its own copy (pþG). The graph represents the endpoint optical density (OD630) after 24h incubation in a MIC assay in 50% LB
supplemented with the indicated antibiotic concentrations.
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the uL4 protein, we selected phylogenetically related ancestral
strains previously isolated from the same patients to serve as
controls with non-mutated uL4 (Fig. 1b).

Using 50% LB resulted in a better separation between mutants
and ancestors, less variability between experiments and overall
lower MICs compared with CA-MHB (Fig. 2 and S1b). All further
analyses were, therefore, performed in 50% LB. Isolates DKPW, DRA
and þG, compared with their respective ancestral wt isolates,
showed a larger than 10-fold difference in MIC for erythromycin
increasing from 64 mg/ml to 1024 mg/ml (Fig. 2a). Since aggregation
and cell lysis could confound the MIC readings, we also determined
the viability of bacteria after the MIC assay. For azithromycin, the
MIC measurements were somewhat confounded by low level
growth, which however, did not result in viable colonies when the
post-MIC effect was evaluated after the end of the MIC assay (Fig.
2a). For that reason, the post-MIC effect was a much better pre-
dictor of azithromycin susceptibility. For DKPW, DRA and þG
mutant strains, the difference in post-MIC effect relative to the
ancestral strains was greater than 20-fold increasing from 16 mg/ml
for the ancestral strains up to 512 mg/ml for the mutants (Fig. 2a).
Both þT and þVT mutant strains, in contrast, did not have a
detectible effect on susceptibility towards either macrolide relative
to the respective ancestral wt isolates neither with respect to the
MIC nor to the post-MIC effect (Fig. 2a). PAO1 laboratory strain
mirrored in all cases the behavior of the ancestral wt clinical iso-
lates (Fig. 2a). None of the mutant strains showed collateral resis-
tance or sensitivity toward other classes of antibiotic indicating that
the uL4 loop region mutations are specific for macrolide resistance
(Fig. S3). Of note, macrolide resistance could not be accurately
assessed on solid medium probably due to diffusion, growth rate or
other factors which differ between growth on static solid plates or
in aerated liquid culture.

Macrolides work through a bacteriostatic action, which was
confirmed by the re-growth of most strains upon removal of anti-
biotic even after treatment at high antibiotic concentrations
regardless of any uL4 mutations. As expected, strains DKPW, DRA
and þG required shorter incubation times relative to the respective
wt to show re-growth of the culture (Fig. 2b and S2).

None of the uL4 mutant isolates showed any significant reduc-
tion in the post-MIC value for erythromycin or azithromycin when
assessed in combination with the efflux inhibitor Phenylalanine-
Arginine b-Naphthylamide (PAbN), thus ruling out any increased
efflux of macrolide antibiotics (Fig. 2c).

To further confirm that macrolide resistance was dependent on
the uL4 mutations, plasmids encoding either the wt uL4 copy from
PAO1 (pPAO1) or the mutant uL4 variant from DKPW (pDKPW)
Fig. 3. Phenotypic traits modulated by macrolide antibiotics. a) Macrolide induced red
cultures treated with 0% (-) or 2% MIC (of the ancestor þ, or the mutant þþ) of azithromycin
saturated filter paper discs placed on top. Clearing diameter was measured after 24h. b) Swi
without (-) addition of azithromycin at a concentration of 7% of the MIC (of the ancestor þ
relative to the strain without antibiotic were computed by Student's t-test where *P < 0.05
or þG (pþG) isolates were expressed in strains DKPW or þG
(Fig. 2d). As expected, a reduction in erythromycin susceptibility
was measured only upon expression of the wt uL4 copy from PAO1
(Fig. 2d). The differences in resistance between the strains
expressing wt or mutant variants of the uL4 protein are less pro-
nounced than for the clinal isolates. This is most likely due to the
competition of the wt and mutant proteins for the assembly of a
functional ribosome and therefore not all ribosomes will contain a
wt uL4. No changes in antibiotic susceptibility were instead shown
for the non-ribosome targeting antibiotics colistin and ciprofloxa-
cin (Fig. 2d).

Macrolide mediation of quorum sensing dependent phenotypes

Macrolides supposedly reduce P. aeruginosa virulence through
modulation of the quorum sensing systems and motility [8]. All
strains displayed an increase in redox sensitivity after azithromycin
pre-treatment, however, isolates DKPW, DRA and þG required
higher concentration of H2O2 to elicit a similar effect as in the wt
strains (Fig. 3a). Likewise, strain þG (the only strain to retain
swimming motility) required higher concentration of azithromycin
to prompt a reduction in motility (Fig. 3b).

Molecular effects of the ribosome mutations

uL4 mutant strains were largely unaffected by addition of low
concentrations of macrolide, while the generation time of the
ancestral wt strains and the control PAO1 strain increased as the
erythromycin concentration approached the MIC of the wt (Fig. 4a).

Whole-cell proteomics (Table S2) showed that, overall, each wt
and uL4 mutant strain was characterized by a specific proteome
which, in the case of strains DKPW, DRA and þG changed con-
vergently as consequence of the uL4 mutations (Fig. S4). Ribosomal
protein uS12 was the only ribosomal protein downregulated in all
mutant isolates DKPW, DRA and þG (Fig. 4b). As expected, the
enrichments based on the COG categories are strain specific (Fig.
S4e), however, 16 proteins within the translation, ribosome struc-
ture and biogenesis category were all differentially expressed in the
macrolide resistant mutant strains DKPW, DRA and þG (Fig. 4c).
This suggests a common compensatory mechanism to counteract
the uL4 mutations including ribosome remodeling and pseudour-
idylation factors, 16S rRNA processing, tRNA modifications,
ribosome-binding factors and the hibernation promoting factors
(Fig. 4c).

Of note, the proteomic data confirmed that the MexAB-OprM
and MexXY-OprM systems are not significantly upregulated in
ox sensitivity measured as H2O2 induced clearing zones on soft overlay agar. Liquid
for 24h were encased in a thin layer of soft LB agar, spread on solid LB agar with H2O2

mming motility measured as the swim zone diameter on soft (0.3%) agar plates with or
, or the mutant þþ). The data represent the mean ± SD of 3-8 replicates. Differences
, **P < 0.01, ***P < 0.005, ****P < 0.001.



Fig. 4. Effect of the uL4 ribosomal protein mutations on the physiology of the cell. a) Increase in generation time in the presence of 32 mg/ml (dark red) or 64 mg/ml eryth-
romycin (light red) expressed in percentage and relative to the absence of antibiotic. The data represent the mean ± SEM of 3-6 replicates. Differences in the generation time
between strains and conditions were computed by Two-way ANOVA followed by �Síd�ak's multiple comparisons test where *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. b)
Expression profile of the proteins belonging to the small and large subunit of the ribosome. Differentially expressed proteins (Log2(Fold-Change) � |0.6| and P value � 0.05) in the
mutant relative to the ancestor wild type strain are denoted by an asterisk. c) Hierarchical clustering analysis of the differentially expressed proteins in the mutant relative to the
ancestor wild type strain within the translation, ribosomal structure and biogenesis COG category. Differentially expressed proteins (Log2(Fold-Change) � |0.6| and P value � 0.05)
are denoted by an asterisk. d) Expression profile of the proteins belonging to the multidrug efflux systems associated with macrolide efflux. Differentially expressed proteins
(Log2(Fold-Change) � |0.6| and P value � 0.05) in the mutant relative to the ancestor wild type strain are denoted by an asterisk. e) Polysome profiles of wt and mutant ribosomes.
Sucrose gradients were used to compare ribosome assembly defects. The data represent the mean ± SD of 3 replicate experiments.
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the uL4 mutant isolates consolidating the conclusion that macro-
lide resistance was not achieved through increased efflux (Fig. 4d
and S5).

Ribosome assembly and subunit stoichiometry analyses showed
consistent individual differences between mutant strains and their
respective ancestral strains (Fig. 4e). The DKPW, DRA and þG mu-
tations do not seem to cause any defects in ribosome biogenesis
albeit the distribution of the 30S, 50S and 70S subunit distribution
varies relative to each wt ribosome. This is in accordance with the
previous literature [22e25].

Discussion

Macrolide antibiotics are heavily used to treat CF patients
because of their anti-inflammatory properties. However, the
effectiveness of these antibiotics in the patients is still unclear since
conventional AST does not reflect the in-situ susceptibility. As also
proposed elsewhere, this could explainwhy P. aeruginosa is deemed
non-susceptible to macrolide antibiotics [11]. The optimization of
the AST for macrolides has shed new light on the resistance profile
of P. aeruginosa, making it possible to identify a new mechanism
implicated in macrolide tolerance.

Surprisingly, several uL4 mutations were identified originating
primarily from CF patient samples, but also from bacterial menin-
gitis, bacteremia, urine and ventilator associated respiratory in-
fections. This is well in line with the fact that the uL4 protein is
under CF niche specific selection [26], which could possibly be a
result of the extensive macrolide use in this environment [26]. It is
not clear why so few uL22 mutants are observed in our strain
collection but, it seems that overall they are found less often than
the uL4 mutations and exclusively in isolates from CF patients.

As strains go through years of in-patient adaptation, the
physiology of the cell is fine-tuned [1,27]. While some mutations
provide an advantage under certain selection criteria, they may be
lost or outcompeted once the selection pressure is lifted.
Remarkably, uL4 mutations are prevalent across different clone
types and patients, indicating that they can be easily accommo-
dated by the bacteria, or that the maintenance of the selective
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pressure (antibiotic treatment) specifically enriches for this
phenotype. DRA-mutant strains, for example, were identified
more frequently than any other uL4 mutant across the available
P. aeruginosa collections. Similarly, the þG mutation was also
prevalent among the analyzed collections and remained in this
particular patient for at least three years suggesting that is it not
readily outcompeted in the lung environment as long as azi-
thromycin treatment persists.

The proteomic analysis combined with the characterization of
ribosome assembly suggest that the ribosome undergoes adaptive
changes in order to accommodate either of the uL4 mutations
which are, however, well tolerated by the cell. It is worth noting
that not all uL4 mutations cause macrolideresistance since the
specific quaternary conformation of the ribosome might be key to
both accommodate the antibiotic in its binding site and to allow the
passing of the nascent peptide through the NPET. Further molecular
characterization of the uL4 mutations can improve our under-
standing of the interaction between the ribosome and antibiotics
and can aid in the rational design of new ribosome targeting
antimicrobial compounds.

Importantly, the uL4 mutations not only reduce the bacterio-
static effects of the tested macrolide antibiotics, but also the viru-
lence associated traits such as motility, and macrolide-induced
redox sensitivity, which are attenuated in the uL4 mutants. While
some studies have started questioning the benefit of continuous
low dose macrolide treatment [28e30], others still recommend
long-term azithromycin treatment [31]. The use of macrolide drugs
extends beyond CF and include primary ciliary dyskinesia (PCD)
and chronic obstructive pulmonary disease (COPD) as the Global
initiative for chronic Obstructive Lung Disease (GOLD) recom-
mendations now also suggest addition of macrolide compounds to
reduce the risk of exacerbations [32,33]. However, due to the lack of
efficient bacterial screening, the extensive use of macrolides is
producing a reservoir of resistance completely overlooked and
neglected. Therefore, when designing prolonged courses of mac-
rolide treatment, AST and resistance development needs to be
evaluated and carefully considered to avoid the insurgence of super
resistant bacteria impossible to eradicate.
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