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Abstract

Aims Extensively-drug-resistant Pseudomo-
nas aeruginosa constitutes a serious threat to
patients suffering from Cystic Fibrosis (CF).
In these patients, P. aeruginosa lung infection
is commonly treated with aminoglycosides,
but treatments are largely unsuccessful due a
variety of resistance mechanisms. Here we
investigate the prevalence of resistance to gen-
tamicin, amikacin and tobramycin and the
main aminoglycoside resistance genes found
in P. aeruginosa strains isolated at a regional
CF centre.

Results A total number of 147 randomly
selected P. aeruginosa strains isolated from
respiratory samples sent by the Marche regional
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Cystic Fibrosis Centre to the Microbiology lab,
were included in this study. Of these, 78 (53%)
were resistant to at least one of the three
aminoglycosides tested and 27% were resistant
to all three antibiotics, suggesting a major
involvement of a chromosome-encoded mech-
anism, likely MexXY-OprM efflux pump
overexpression. A specific pathogenic clone
(found in 7/78 of the aminoglycoside resistant
strains) carrying ant(2")-la was isolated over
time from the same patient, suggesting a role
for this additional resistance gene in the antibi-
otic unresponsiveness of CF patients.

Conclusions The MexXY-OprM efflux pump
is confirmed as the resistance determinant
involved most frequently in P. aeruginosa
aminoglycoside resistance of CF lung
infections, followed by the ant(2")-la-encoded
adenylyltransferase. The latter may prove to be
a novel target for new antimicrobial
combinations against P. aeruginosa.
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1 Introduction

Extensively drug-resistant (XDR) Pseudomonas
aeruginosa is a major cause of mortality in immu-
nocompromised subjects, particularly in Cystic
Fibrosis (CF) patients, whose chronic lung
infections are mainly caused by this microorgan-
ism and are commonly treated with antimicrobial
combinations  that include  tobramycin.
Aminoglycosides (AMGs) are included in the
gold standard treatment for P. aeruginosa lung
infections and several studies have confirmed the
efficacy of tobramycin (Stanojevic et al. 2014;
Buttini et al. 2018). However, the development
of AMG resistance is a growing threat hampering
infection eradication (Costello et al. 2018).

AMBG resistance relies on a broad variety of
mechanisms (Poole 2005). First of all, the
MexXY-OprM efflux pump (EP) is the main
cause of the failure of routine antibiotic
treatments against P. aeruginosa lung infection;
in particular, it is involved in adaptive resistance
(Morita et al. 2012), which enables pathogen
survival in the presence of AMGs. The proneness
of P. aeruginosa to accumulate mutations in the
mexXY regulatory gene mexZ, results in EP
overexpression and heightened resistance
(Frimodt-Mgller et al. 2018). Biofilm production
hampers antibiotic action, further contributing to
AMG resistance (Miiller et al. 2018); notably, the
genes involved in resistance development are
upregulated in biofilm-embedded cells (Soto
2013; Hall et al. 2018), as reported for ndvB,
encoding for cyclic glucans responsible of
AMGs sequestration in the periplasmic space
(Mah et al. 2003). Another recently described
AMBG resistance mechanism involves mutations
in the fusAl gene, leading to single amino acid
substitutions in the elongation factor G
(EF-G1A), resulting in a lower drug affinity for
the ribosome (Bolard et al. 2018).

Moreover, P. aeruginosa acquires new resis-
tance determinants through horizontal gene trans-
fer, which induces the formation of gene mosaics;
the great variability of its genome results in a
marked heterogeneity of AMG-resistant clones
(Partridge et al. 2018). Enzymes that modify
both the drug and its target are involved in the
spread of high-level resistance (Poole 2011).
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In the past few years, the search for new
compounds capable of counteracting antibiotic
resistance has mainly been directed at the modula-
tion of EPs, a constitutive mechanism conferring
resistance against several different antibiotics,
which are often upregulated in P. aeruginosa
(Mangiaterra et al. 2017; Laudadio et al. 2019).
Another key area of investigation are other
resistance mechanisms characterizing XDR
P. aeruginosa.

We studied the prevalence of AMG resistance
among the P. aeruginosa strains isolated from the
CF patients managed by aregional referral centre in
Marche (central Italy), by analysing the level of
resistance to gentamycin, amikacin and
tobramycin — the antibiotics routinely tested in the
microbiology lab of the CF centre — and the resis-
tance genes involved most frequently. In particular,
we studied the frequency of transferable
chromosome-independent resistance determinants
and compared it with the frequency of
chromosome-encoded resistances not involved in
horizontal gene transfer events. We also compared
the spread of the resistance mechanisms specific to
each antibiotic with those providing resistance to
all AMGs.

2 Material and Methods
2.1 Bacterial Strains, Media
and Antibiotics

A total number of 147 randomly selected
anonymized P. aeruginosa strains, sent for isola-
tion by the Marche regional Cystic Fibrosis Centre
to the Microbiology lab of “Ospedali Riuniti” Hos-
pital (Ancona, IT), were included in the study. The
strains had been collected from April 2014 to
March 2015 (P. aeruginosa C1-C51) and from
October 2015 to January 2016 (P. aeruginosa
AR1-AR96) (Supplementary Table 1).

Additional strains included in the study were
P. aeruginosa PAO1 and PA14, kindly provided
by Prof. Olivier Jousson of the Integrated Biology
Centre, University of Trento (Trento, IT),
P. aeruginosa PAOIl, carrying plasmid
pHERD30T, kindly provided by Prof. Paul
Williams of the Centre of Biomolecular Sciences,
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University of Nottingham (UK), and P. aeruginosa
ATCC 27853, from the collection of the Microbiol-
ogy section of the Department of Life and Environ-
mental Sciences, Polytechnic University of Marche
(Ancona, IT). All strains were cultured in Luria
Bertani (LB) broth and Pseudomonas cetrimide
agar plates and stored as stock cultures in LB
broth supplemented with 20% glycerol at —80 °C.

All media were purchased from Oxoid (Oxoid
S.p.A., Rodano, Milano, IT); the antibiotics were
obtained from Sigma-Aldrich (Saint Louis, MO,
USA).

2.2 Antibiotic Susceptibility Tests

The P. aeruginosa strains were screened for their
resistance to tobramycin (TOB), gentamicin
(GEN) and amikacin (AMK) by a routine antibi-
otic susceptibility test (Sensititre™ Complete
Automated AST System, Thermo Fisher Scien-
tific, Waltham, MA, USA). The resistant pheno-
type was confirmed by determination of the
Minimal Inhibitory Concentration (MIC) either
by agar dilution or by broth microdilution
according to European Committee on Antimicro-
bial Susceptibility Testing (EUCAST) guidelines
(2003) using P. aeruginosa ATCC 27853 as the
reference strain. The results were interpreted
according to the EUCAST epidemiological
cut-off (ECOFF) values (2016). Strains showing
intermediate  susceptibility were considered

resistant. The following antibiotic concentration
ranges were used: GEN, 0.5-32 pg/ml; AMK,
1-64 pg/ml; TOB, 0.25-16 pg/ml.

23 Detection of Aminoglycoside

Resistance Genes

Two chromosome-encoded resistance determinants
(mexY and ndvB) and 4 additional AMG resistance
determinants (aac(3)-Ia, aph(3')-1la, ant(2" )-Ia and
rmtA) were sought by PCR assays. Bacterial DNA
was obtained from crude cell lysates (Hynes et al.
1992) and 5 pl were used in each PCR reaction
together with 1.25 U Dream-Taq Polymerase
(Thermo Fisher Scientific), 1x PCR Buffer,
0.2 mM dNTPs and 0.5 pM of each primer. The
target genes and the specific primer pairs used are
reported in Table 1. P. aeruginosa PAO1 and PA14
DNA was used as positive control in PCRs
targeting and ndvB, respectively;
P. aeruginosa PAOl harbouring the plasmid
pHERD30T, which carries the aac(3)-Ia gene,
was used as a positive control in the relevant PCR
assays. Amplicons rmiA, aph(3')-Ila and ant(2" )-la
of the right size were purified (Gene Elute PCR
Cleanup kit, Sigma-Aldrich) and sequenced using
BigDye Terminator v.1.1 Cycle Sequencing kit
according to the manufacturer’s instructions. The
sequences were analysed on an ABI Prism
310 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA), and used as positive controls in

mexY

Table 1 Target genes, primer pairs, and amplicon size of the PCR assays used to detect six different AMG resistance

genes

Target gene | Primer pair (5'-3") Amplicon size (bp) | References

mexY mexY-F TGGAAGTGCAGAACCGCCTG 270 Oh et al. (2003)
mexY-R  AGGTCAGCTTGGCCGGGTC

ndvB ndvB JB-F  GGCCTGAACATCTTCTTCACC 138 Beaudoin et al. (2012)
ndvB JB-R  GATCTTGCCGACCTTGAAGAC

rmtA rmtA-F CTAGCGTCCATCCTTTCCTC 635 Yamane et al. (2004)
rmtA-R  TTTGCTTCCATGCCCTTGCC

aac(3)-la aac3-F  GGCTCAAGTATGGGCATCAT 389 Michalska et al. (2014)
aac3-R TCACCGTAATCTGCTTGCAC

aph(3')-Ila | npt2-F  GATCTCCTGTCATCTCACCTTGCT 129 Woegerbauer et al. (2004)
npt2-R  TCGCTCGATGCGATGTTTC

ant(2")-Ia ant2bi-F  GACACAACGCAGGTCACATT 500 Michalska et al. (2014)
ant2bi-R  CGCAAGACCTCAACCTTTTC
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PCRs targeting the corresponding gene. RNase-free
water (Thermo Fisher Scientific) was used as
the negative control. The PCR products were
checked by 1.5% agarose gel electrophoresis.

24 Pulsed Field Gel Electrophoresis

Typing

Pulsed Field Gel Electrophoresis (PFGE) was
performed as described by Seifert et al. (2005),
with some modifications. Briefly, agarose plugs
(low-melting 1.6% agarose) were digested with
30 U of Spel (Thermo Fisher Scientific) and the
restriction fragments were separated using a CHEF
MAPPER system (BioRad, Hercules, CA, USA).
Running conditions were as follows: switch angle
120°, voltage 6 V/cm, temperature 14 °C, run time
18 h, initial and final switching time 5.8 s
and 30 s, respectively. The low-range PFG marker
(Amersham Biosciences, Little Chalfont, UK) was
used as a molecular weight marker and PFGE
patterns were analysed as described previously
(Biavasco et al. 2007). Dendrograms were drawn
using the TreeCon software.

25 Statistical Analysis

The frequency of P. aeruginosa strains resistant
to each of the three antibiotics was evaluated by
the chi square test. Values were considered statis-
tically significant when p was <0.05.

3 Results
3.1 Detection of Aminoglycoside
Resistance in CF P. aeruginosa
Strains

The screening by Sensititre™ of 147 CF
P. aeruginosa strains for resistance to gentamicin,
amikacin and tobramycin by routine susceptibil-
ity tests found that 78 (53%) were resistant to at
least one antibiotic. These 78 strains were
subjected to further analyses. Testing of their
resistance level by agar dilution (Supplementary
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Table 1) demonstrated that 66 were resistant to
gentamicin, 66 were resistant to amikacin (each
accounting for 84.62%) and 27 were resistant to
tobramycin (34.62%). The frequency of strains
resistant to gentamicin or amikacin was signifi-
cantly (p < 0.01) higher than that of tobramycin-
resistant isolates (Fig. 1).

In particular, resistance to all 3 antibiotics
(26.92%) was statistically more common than
resistance to gentamicin (7.69%) or tobramycin
(2.56%) alone (p < 0.05 and p < 0.01, respec-
tively), whereas resistance to gentamicin
+amikacin was significantly (p < 0.01) more fre-
quent (44.87%) than tobramycin resistance
(2.56%) (Fig. S1). There were no strains resistant
to amikacin+tobramycin.

3.2 Detection of Aminoglycoside

Resistance Genes

The 78 strains resistant to gentamicin, amikacin
and/or tobramycin were analysed for their AMG
resistance genes by PCR assays targeting two
chromosome-encoded (mexY and ndvB) genes
and four additional (rmtA, aac(3)-la, ant(2")-Ia
and aph(3')-Ila) genes (Supplementary Table 1).

mexY was detected in all strains and ndvB in all
strains but one (C36), aac(3)-Ia and ant(2")-la
were detected respectively in 4 (C40, ARI1S,
AR39 and AR66) and 7 (C44, C45, ARA45,
AR49, AR86, AR88 and AR89) isolates, whereas
all strains were negative for aph(3’)-Ila and rmtA.
Sequencing of ant(2”)-la  amplicon  of
P. aeruginosa AR86 demonstrated a similarity
of 99% to the sequence of P. aeruginosa strain
PB350 (Accession no. CP025055.1). There were
11 strains carrying aac(3)-la or ant(2")-Ia
(Table 2). Their frequency is reported in Fig. 2.

As expected, all P. aeruginosa isolates carry-
ing aac(3)-la were resistant to gentamicin alone
(16.7%) or to gentamicin+amikacin (8.57%). ant
(2")-Ia was detected in 50% of strains resistant to
tobramycin or tobramycin+gentamicin and in
10% of strains resistant to amikacin, in 9.52% of
those resistant to tobramycin+amikacin+gentami-
cin and in 2.86% of those resistant to gentamicin
+amikacin.
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Fig. 1 Percent frequency 90
of the CF P. aeruginosa

strains resistant to GEN, 80
AMK and/or TOB among

the 78 aminoglycoside 70

resistant isolates included in
the study. GEN gentamicin,
AMK amikacin, TOB
tobramycin. * p < 0.01
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Table 2 Minimal inhibitory concentrations of gentamicin (GEN), amikacin (AMK) and tobramycin (TOB) against the
11 aminoglycoside-resistant P. aeruginosa strains carrying the acquired resistance genes aac(3)-la or ant(2")-Ia

Patient MIC (pg/ml)

Strain GEN

C40 A 8
C44 B >2048
C45 C 16
ARI15 D 8
AR39 E 8
AR45 B 8
AR49 B 8
AR66 A 16
ARS86 B <4
ARS8 A <4
AR89 F 8

AMK TOB Resistance gene
32 <4 aac(3)-la
16 256 ant(2")-Ia
32 16 ant(2)-Ia

<8 <4 aac(3)-la
16 <4 aac(3)-la

<8 8 ant(2")-Ia
<8 8 ant(2")-Ia
32 <4 aac(3)-la
<8 256 ant(2")-Ia
32 <4 ant(2")-Ia
16 <4 ant(2")-Ia

GEN and TOB, S <4 R >4; AN, S <8, R> 16 (EUCAST 2016)

GEN gentamicin, AMK amikacin, TOB tobramycin

The gentamicin, amikacin and tobramycin
MIC values of the 11 strains carrying the addi-
tional resistance genes aac(3)-lIa or ant(2")-la
were further investigated by broth microdilution
using a wider range of antibiotic concentrations
and the specific resistance phenotype checked

against the presence of aac(3)-la or ant(2")-Ia
(Table 2).

Notably, the two P. aeruginosa strains (C44 and
ARS86) with the highest tobramycin MIC (256 pg/
ml) harboured ant(2")-1a, as well as the strain with
the highest gentamycin MIC (>2048 pg/ml).
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Fig. 2 Frequency (log 100

scale) of the
aminoglycoside resistance
determinants aac(3)-Ia and
ant(2”)-Ia in the 78 CF

P. aeruginosa strains
resistant to one or more
aminoglycosides. The
number of strains carrying
each resistance gene is
reported as a proportion of
the P. aeruginosa isolates
resistant to the same
antibiotic(s). GEN
gentamicin, AMK amikacin,
TOB tobramycin

Oaac(3)-Ia
Want(2")-In

10

Resistant strains (%)
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3.3 PFGE Typing
of the Aminoglycoside-Resistant
P. aeruginosa Strains Carrying

aac(3)-la or ant(2")-la

The 11 P. aeruginosa strains carrying aac(3)-la
or ant(2")-la were typed by PFGE (Fig. 3), which
highlighted two main clusters with a similarity
<55%. One cluster encompassed the seven
isolates encoding ant(2”)-Ia (top) and the other
the four isolates encoding aac(3)-la (bottom).
Within the former cluster, five isolates, of which
four were from the same patient (Table 2),
belonged to the same clone (100% similarity)
and displayed a similarity <65% to the other
2 isolates. The 4 strains of the second cluster
belonged to 4 different pulsotypes and shared a
low similarity (about 60%) although 2 of them,
represented by C40 and AR39, seem more related
each other showing a similarity of 75%.

® - N
& & S R
< : &
2 N
& R4 o
Antibiotic &
4 Discussion

A major issue in the control and management of
CF P. aeruginosa lung infection is bacterial unre-
sponsiveness to antibiotic treatment. This is due
to a variety of causes, including chromosome-
encoded resistance, biofilm development and the
increasing diffusion of XDR strains (Colque et al.
2020). AMGs are frontline antibiotics, especially
tobramycin, which is included in the eradication
protocols of chronic lung infections (Ratjen et al.
2019). This work aimed to investigate the preva-
lence of resistance to tobramycin, gentamicin and
amikacin (the three AMGs routinely tested in CF
samples) and of the additional resistance genes
rmtA, ant(2" )-la, aac(3)-la and aph(3')-Ila in the
CF P. aeruginosa strains isolated from sputum
samples collected at the Marche Cystic Fibrosis
centre. The high prevalence (53%) of
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Fig. 3 Dendrogram showing the similarity index among
the 11 aminoglycoside-resistant P. aeruginosa isolates
carrying the ant(2”)-la (black square) or aac(3)-la (gray

AMGe-resistant strains among these isolates
highlights the need for measures to contain the
spread of P. aeruginosa antibiotic resistance and
for novel therapeutic approaches. Resistance to
gentamicin and amikacin was the most frequent
(44.87%) AMG resistance phenotype and was
followed by resistance to all three AMGs
(26.92%), to amikacin (12.82%), to gentamicin
(7.69%), to gentamicin and tobramycin (5.13%)
and to tobramycin alone (2.56%); therefore the
proportion of strains resistant to two or all three
AMGs was higher (76.92%) than that of strains
resistant to a single antibiotic (23.08%). These
findings suggest the major involvement of a
cross-resistance ~ mechanism  capable  of
counteracting different AMGs. The most likely
seems to be MexXY-OprM EP upregulation;
this has been described as the main AMG resis-
tance mechanism in P. aeruginosa (Lopez-
Causapé et al. 2018) through mutations of its
regulatory gene mexZ, although mutations of
hot-spot genes, like fusAl, could also be respon-
sible for the multi-resistant phenotype. The lack
of additional resistance genes in the strains
showing multi-AMG resistance in our study,
supports these views. Notably, the susceptibility
to tobramycin of 44.87% of strains resistant to
gentamicin and amikacin and lacking additional
AMG resistance genes, could be explained by
mutations in the MexY inner membrane channel

ARG6

square) gene. Strain similarity is expressed as percentage
(%). Strains sharing >80% similarity are considered as
related

not affecting specifically the tobramycin binding
site; this would be in line with our modelling
results, which suggest that these polymorphisms
can occur as a consequence of mexY single nucle-
otide substitutions (unpublished data). None of
our 147 strains was resistant to amikacin and
tobramycin and susceptible to gentamicin,
reflecting the absence among them of resistance
mechanisms capable of counteracting the
antibacterial activity of amikacin and tobramycin
without affecting gentamicin effectiveness.

Tobramycin has proved to be a better thera-
peutic option than gentamicin and amikacin, with
34.62% of resistant strains compared to 84.62%
of the other two AMGs (Fig. 1). These data are in
agreement with those reported by Mustafa et al.
(2016) and support the use of tobramycin, rather
than other AMGs, in the eradication protocols of
early P. aeruginosa CF lung infection (Mostofian
et al. 2019).

This study involved the examination of six
genes to evaluate the chromosome-dependent
(mexY and ndvB) or -independent (rmtA, ant
(2")-1a, aac(3)-la and aph(3')-Ila) nature of
AMG resistance in our strains, and the assessment
of the prevalence of antibiotic specific (ant
(2)”-Ia, aac(3)-Ia and aph(3')-lla) or aspecific
(mexY, ndvB and rmtA) resistance mechanisms.
As expected, mexY and ndvB were detected in all
AMG-resistant strains, the only exception being
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P. aeruginosa C36, which showed no ndvB
amplification, likely due to mutations in the
sequences targeted by the ndvB primer pair.
Since ndvB is involved in resistance of biofilm-
growing P. aeruginosa (Mah et al. 2003) and we
used planktonic cultures in the antibiotic suscep-
tibility assays, the overexpression of the mexXY-
OprM gene cluster seems responsible for the
AMG resistance of P. aeruginosa isolates lacking
additional resistance genes and is consistent with
the above considerations about the prevalence of
multi-AMG resistance phenotypes. MexXY-
OprM is involved in the adaptive low-level resis-
tance of CF P. aeruginosa (Morita et al. 2012);
high-level resistance may evolve as a consequence
of the gradual accrual of mutations in the mexXY-
oprM regulator mexZ, which has often been
reported in patients in chronic P. aeruginosa
infections (Prickett et al. 2017). In such patients,
the expression of the P. aeruginosa mexXY-oprM
gene cluster progressively increases, also as a con-
sequence of adaptation to the stressful conditions
of the CF lung environment (Martin et al. 2018).
This can explain the variable resistant phenotypes
observed in the P. aeruginosa strains lacking the
additional resistance determinants aac(3)-Ia and/or
ant(2")-la. Further investigation of the mexY
expression level of these strains is warranted. We
are currently evaluating the correlation between
these phenotypes and mexY expression level.

Of the additional AMG resistance genes
sought in this study — rmtA, aac(3)-la, aph(3')-
Ila and ant(2")-Ia — only aac(3)-la and ant(2" )-la
(Poole 2011) were detected and were found in
only 11/78 strains, in line with the notion that
AMG resistance in CF P. aeruginosa isolates is
mainly a consequence of mutational events
(Lopez-Causapé et al. 2018). As expected, the
four strains harbouring aac(3)-Ia were all resis-
tant to gentamicin and susceptible to tobramycin
(Ramirez and Tolmasky 2010), whereas two
(P. aeruginosa AR88 and AR89) of the seven
strains carrying ant(2")-la, which confers resis-
tance both to gentamicin and tobramycin (Poole
2005), were susceptible to the latter (MIC <4 pg/
ml), likely due to the lack or downregulation of
ant(2")-Ia expression. These results are consistent
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with the hypervariability of CF P. aeruginosa
(Qin et al. 2018).

PFGE typing assays of the 11 strains carrying
aac(3)-1a or ant(2" )-Ia demonstrated that the four
aac(3)-la-carrying strains were unrelated, thus
suggesting the spread of the GEN resistance
gene among different P. aeruginosa clones
through horizontal gene transfer (Kiddee et al.
2013). In contrast, five of the seven tobramycin-
resistant isolates carrying the ant(2”)-la gene
showed 100% similarity, suggesting the spread
of a single clone. Since the 147 P. aeruginosa
isolates were collected randomly and anony-
mously, we retrospectively investigated whether
they came from the same patient. Indeed, four of
them had been collected from patient B over an
eight-month period (Table 2), thus highlighting
failed eradication of P. aeruginosa, which
induced symptom relapse. On the other hand,
recovery of the same clone from different patients
suggests a clonal spread of the tobramycin-
resistant strain. The selective pressure exerted by
the repeated use of tobramycin to counteract
P. aeruginosa lung infection in CF patients
(Smith et al. 2017) can explain the persistence
and spread of this clone among patients referring
to the CF centre. The role of additional resistance
genes in P. aeruginosa persistence has been
described by Mdzes et al. (2014), who suggested
a relationship between endemic P. aeruginosa
clones and their carriage of integron-borne
AMG resistance determinants. Ostensibly the fit-
ness cost due to the additional gene is largely
offset by the favourable conditions found inside
the host.

In conclusion, P. aeruginosa AMG resistance
is a major threat for CF patients, whose lung
infections are routinely treated with these drugs.
Our results show the spread of AMG resistance
among the patients managed by the Marche
regional Cystic Fibrosis centre, who showed a
high prevalence of strains resistant to gentamicin,
amikacin and tobramycin. The origin of resis-
tance seems to be largely mutational, probably
related to the MexXY-OprM EP or to other
chromosome-encoded determinants. This
suggests that MexXY-OprM EP inhibitors suit-
able for synergistic combinations with AMGs
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should wurgently be developed to treat
P. aeruginosa lung infections (Lamers et al.
2013; Aron and Opperman 2016; Laudadio et al.
2019). Our findings also suggest that monitoring
additional AMG resistance genes, particularly ant
(2")-1a, in early P. aeruginosa lung infection
could contribute to a more effective management
of CF patients.
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