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ABSTRACT Many transferable quinolone resistance mechanisms have been identi-
fied in Gram-negative bacteria. The plasmid-encoded 65-amino-acid-long ciprofloxacin-
modifying enzyme CrpP was recently identified in Pseudomonas aeruginosa isolates.
We analyzed a collection of 100 clonally unrelated and multidrug-resistant P. aerugi-
nosa clinical isolates, among which 46 were positive for crpP-like genes, encoding
five CrpP variants conferring variable levels of reduced susceptibility to fluoroquino-
lones. These crpP-like genes were chromosomally located as part of pathogenicity
genomic islands.
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Bacterial resistance to quinolones and fluoroquinolones mainly results from de-
creased outer membrane permeability, overexpression of efflux pumps, and/or

amino acid substitutions in the sequences of the chromosomally encoded topoisom-
erases that are the targets of these antibiotics (1). However, a series of acquired and
transferable mechanisms have been identified in Gram-negative bacteria, including
quinolone target protection conferred by Qnr-type pentapeptide proteins, enzymatic
inactivation of the antibiotic through the action of the AAC(6=)-Ib-cr acetyltransferase
(coresistance to aminoglycosides), and plasmid-encoded efflux pumps, such as OqxAB
or QepA (2, 3). Nevertheless, the latter horizontally transferred resistance determinants
have rarely been identified in Pseudomonas aeruginosa, in which resistance to fluoro-
quinolones is mainly driven by mutations in topoisomerases, efflux overproduction,
and outer membrane permeability defects (4–6).

Recently, a plasmid-encoded 65-amino-acid-long ciprofloxacin-modifying enzyme,
CrpP (renamed CrpP1 here for clarity), was identified in a single clinical P. aeruginosa
isolate from Mexico (7). The crpP1 gene was located in a 123-kb conjugative plasmid
(pUM505) coharboring virulence and heavy-metal resistance genes (8). CrpP confers
reduced susceptibility (7.5-fold) to ciprofloxacin (CIP) once produced in Escherichia
coli J53-3. In P. aeruginosa, this enzyme confers decreased susceptibility (4-fold
decrease of MIC values) to CIP, norfloxacin, and moxifloxacin but only when
transferring the crpP1-positive pUM505 natural plasmid, since expression of crpP1
from a recombinant plasmid once transformed in P. aeruginosa did not have any
significant effect. Very recently, homologues of the crpP1 gene that shared low-level
nucleotide identity (corresponding proteins being 10% to 43% identical) were
identified among Enterobacterales from Mexico, with corresponding proteins exhib-
iting conserved residues Thr8, Asp9, Lys33, Gly34, and Cys40; these amino acids are
possibly key residues in respect to the CrpP activity (9). It was demonstrated that
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CrpP1 exhibits ATP-dependent phosphorylation activity toward CIP, explaining the
decreased antibacterial activity of this antibiotic (7). Considering the single report
of the crpP1 gene in P. aeruginosa, our aim was to evaluate the dissemination of this
novel resistance determinant.

A collection of 100 P. aeruginosa isolates recovered in France and Switzerland during
2000 to 2015 were selected for this study, including extended-spectrum �-lactamase
(n � 17) and carbapenemase (n � 73) producers. A PCR approach was used for screen-
ing the crpP gene among these isolates, using designed primers crpP-F (5=-AGAGCGG
GATCGATCAGAAAT-3=) and crpP-R (5=-ACGAGGTGCAGTGTGTCAAA-3=), followed by se-
quencing of the corresponding amplicons (Microsynth, Balgach, Switzerland). A total of
46 isolates were positive for crpP-like genes, and 5 CrpP variants were identified,
namely, CrpP1 (referring to the sequence previously reported from Mexico [7]) and 4
additional variants exhibiting few amino acid substitutions: CrpP2 (Lys4Arg and
Gly7Asp), CrpP3 (Gly7Asp), CrpP4 (Gly7His, Phe16Tyr and Ile26Leu), and CrpP5 (Lys4Arg,
Gly7Asp and Phe55Tyr).

Multilocus sequencing typing (MLST) was performed, and sequence type assigna-
tion was done by using the MLST database for P. aeruginosa (https://pubmlst.org/
paeruginosa/). Sequence typing of all the crpP-positive isolates showed the most
prevalent types to be ST235, ST111, ST233, and ST273 (24%, 17.4%, 6.5%, and 4.3%,
respectively).

To evaluate the impact of the different CrpP enzymes on quinolone susceptibility, a
series of cloning and expression experiments were performed. The crpP-like genes were
cloned into shuttle vector pUCp24 using primers crpP-XbaI-F (5=-TCTAGAAGAGCGGG
ATCGATCAGAAAT-3=) and crpP-SacI-R (5=-GAGCTCACGAGGTGCAGTGTGTCAAA-3=) and
then transformed in both E. coli TOP10 and P. aeruginosa PAO1 that did not harbor any
crpP gene, as described (10). MICs were determined for the different recombinant
strains by the broth microdilution method using cation-adjusted Mueller-Hinton
(MH) broth. This showed similar decreased susceptibility to CIP for the E. coli strains
producing CrpP2, CrpP3, CrpP4, and CrpP5 but not CrpP1. Indeed, CrpP1 did not
decrease the susceptibility of E. coli TOP10 to CIP, even though it was reported to
do so in a previous study that used E. coli J53-3 as the recipient strain (7). Of note,
CrpP1 did not have as much effect on quinolones as on the other variants tested.
In particular, production of CrpP1 in E. coli TOP10 did not decrease the susceptibility
to levofloxacin (LEV) and CIP. MIC values were 7.5-fold higher upon production of
CrpP2, CrpP3, and CrpP5 and 4-fold higher with CrpP4. However, only a 2-fold
increase in MIC of CIP was observed for the P. aeruginosa recombinant strain
producing CrpP2, but MICs remained unchanged for the other P. aeruginosa
recombinant strains. Instead, a 3.75-fold increase in the MIC of LEV was observed
once CrpP2, CrpP3, CrpP4, and CrpP5 were produced in E. coli isolates, although no
change was observed with CrpP1 (Table 1). The MIC of LEV was increased by 2-fold
once CrpP2, CrpP3, and CrpP5 were produced in P. aeruginosa. P. aeruginosa
PAO1isolates expressing CrpP2, CrpP3, and CrpP4 were resistant to LEV according
to the 2020 EUCAST breakpoint value for resistance (�1 �g/ml).

To identify the genetic location of the crpP-like genes in the positive isolates, we
performed whole-genome sequencing (WGS) on 7 of the 46 crpP-positive isolates as
representatives of the different ST types. DNAs were extracted by use of a DNeasy

TABLE 1 MICs of fluoroquinolones for the P. aeruginosa and E. coli recombinant strains examined in this study

Antibiotic

MIC (�g/ml) in:

Escherichia coli TOP10 Pseudomonas aeruginosa PAO1

TOP10

CrpP variant

PAO1

CrpP variant

CrpP1 CrpP2 CrpP3 CrpP4 CrpP5 CrpP1 CrpP2 CrpP3 CrpP4 CrpP5

Ciprofloxacin 0.002 0.002 0.015 0.015 0.008 0.015 0.25 0.25 0.5 0.25 0.25 0.25
Levofloxacin 0.004 0.004 0.015 0.015 0.015 0.015 1 1 2 2 2 1
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blood and tissue kit using the QIAcube apparatus (Qiagen). Genomic libraries were
assessed using a Nextera XT library preparation kit (Illumina, Inc., San Diego, CA),
and sequencing was performed using an Illumina MiniSeq system with 300-bp
paired-end reads and a coverage of 50 times. The generated FastQ data were
compiled and analyzed using the CLC Genomic Workbench (version 7.5.1; CLC Bio,
Aarhus, Denmark). Reads were assembled de novo with automatic bubble and
word size, and contigs with a minimum contig length of 800 nucleotides were
generated using the mapping-mode map reads back to contigs. Analysis of WGS
data showed that the crpP-like genes were always located on the chromosome of
the corresponding isolates within large fragments (�70 to 100 kb) bracketed by two
direct repeats named attL and attR of 45 bp each. At both extremities of this whole
fragment, tyrosine recombinase (XerD) and ParA protein-encoding genes were
identified, respectively. These two proteins are known to be linked to the mobili-
zation and integration, respectively, of pathogenicity genomic islands (PAGI) (11).
The presence of these genes together with the presence of the attL and attR
direct repeats bracketing the entire DNA fragment strongly suggested that the
crpP genes were located into chromosomal PAGI (Fig. 1). The PAGIs presented one
conserved region, encompassing the crpP gene, the pil operon, a series of virulence
genes, and mobilization-related genes. In addition, they actually contained a vari-
able region, in which the same genes encoding resistance to toxic compounds
as originally reported in plasmid pUM505 were detected in two isolates (R60 and
R90).

To evaluate whether the PAG1-like structures are functional in terms of mobilization,
PCR assays were performed to determine their putative circularization. Outward prim-
ers designed from the sequences located at the extremities of the structures, i.e.,
PAGIact-F (5=-ATTTCCCTACACCACCCTTG-3=) and PAGIact-R (5=-TTCGAGCAAAGAGTGCT
GTT-3=), were used for that purpose. Positive PCR results were obtained, showing that
a circular form of these PAGI-like elements was present and confirming their function-
ality as mobile structures.

Several features identified here were also found in the sequence of plasmid

FIG 1 Sequence comparison between pUM505 and PAGIs (60, 196, and 598). Arrows and arrowheads indicate open reading frames and their direction of
transcription. Shading between bars indicates portions of sequences that align with each other. The map was drawn using Kablammo software
(http://kablammo.wasmuthlab.org/).
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pUM505. In pUM505, a single copy of the attL sequence was present (corresponding
sequence, 15,649 to 15,693 bp); and the parA gene (14,687 to 15,553 bp) and xerD
integrase gene (16,030 to 17,331 bp), both encoding proteins necessary for the
mobilization of pathogenic islands, were also identified. Furthermore, because the
so-called pUM505 plasmid did not harbor any replicase gene, we hypothesize that
plasmid pUM505 was actually a product of the circularized form of this newly described
pathogenic island in the original description (8).

In summary, we report the spread of crpP-like genes in a large series of P. aeruginosa
isolates from Europe. CrpP-like enzymes, despite not conferring clinical resistance per se
but only reduced susceptibility to fluoroquinolones once produced in E. coli isolates,
may be considered transferable mechanisms of fluoroquinolone resistance that may
further be transferred to other strains. Acquisition of these genes found in clonally
unrelated P. aeruginosa strains was likely mediated by the acquisition of a PAGI-like
element. While this work was in progress, a study performed by Ruiz (12) revealed that
CrpP-like-encoding genes were frequently identified within P. aeruginosa genomes
according to an in silico analysis of sequences available from GenBank, which is in line
with our observations.

Interestingly, we show here that susceptibility to fluoroquinolone molecules might
vary slightly depending on the nature of the CrpP protein, but without conferring a
high level of resistance. Supporting our data, modifications in conserved amino acids
within the CrpP protein sequence were recently reported to affect their respective
enzymatic activities (13). Furthermore, apart from their impact on fluoroquinolone
susceptibility, acquisition of the PAGI-like elements in P. aeruginosa is of significant
concern, considering that many of them coharbor genes encoding resistance to heavy
metals and encode genes for virulence factors (14, 15).

Accession number(s). The sequences of PAGIs have been deposited in the GenBank
database under accession numbers MT074669 (PAGI-R60), MT074670 (PAGI-R90),
MT074671 (PAGI-R104), MT074672 (PAGI-R135), MT074673 (PAGI-R184), MT074674
(PAGI-R196), and MT074675 (PAGI-R598). GenBank accession numbers for CrpP
variants are WP_033179079 (CrpP1), WP_031644039 (CrpP2), WP_003109353 (CrpP3),
WP_071533909 (CrpP4) and WP_071580329 (CrpP5).
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