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Abstract: Fluoroquinolone resistance and the associated genetic mechanisms were assessed by
antimicrobial susceptibility and whole genome sequencing in 56 Pseudomonas aeruginosa strains
from human, animal, food and environmental origins. P. aeruginosa PAO1, PA7 and PA14 reference
strains were also included in the study. Twenty-two strains (37%) were resistant to, at least, one
fluoroquinolone agent. Correlation between the number of changes in GyrA and ParC proteins and
the level of fluoroquinolone resistance was observed. Mutations or absence of genes, such as mexZ,
mvaT and nalD encoding efflux pumps regulators, were also found in resistant strains. The crpP gene
was detected in 43 strains (72.9%; 17 of them non-clinical strains), and coded seven different CrpP
variants, including a novel one (CrpP-7). The crpP gene was located in 23 different chromosomal
mobile integrative and conjugative elements (ICEs), inserted in two tRNAs integration sites. A
great variety of structures was detected in the crpP-ICEs elements, e.g., the fimbriae related cup
clusters, the mercury resistance mer operon, the pyocin S5 or S8 bacteriocin encoding genes, and
mobilization genes. The location of crpP-like genes in mobilizable ICEs and linked to heavy metal
resistance and virulence factors is of significant concern in P. aeruginosa. This work provides a genetic
explanation of the fluoroquinolone resistance and crpP-associated pathogenesis of P. aeruginosa from
a One-Health approach.

Keywords: Pseudomonas; ciprofloxacin; mutational resistome; efflux pump; CrpP; one health

1. Introduction

Pseudomonas aeruginosa is an environmentally ubiquitous species, with great metabolic
versatility and with an extraordinary ability to inhabit animals, soil, water or plants, from
which it is easily transmissible. P. aeruginosa is a versatile opportunistic pathogen of great
clinical importance due to its high pathogenicity and antimicrobial resistance [1].

Fluoroquinolones are synthetic products of broad-spectrum antimicrobial action, and
are a major class of antibiotics used to treat P. aeruginosa infections. Their mechanism of
action is the inhibition of DNA gyrase and topoisomerase IV, causing DNA breakdown
and cell death [2]. However, bacterial resistance to fluoroquinolones has progressively
been increased [2,3]. Three main resistance mechanisms have been detected in P. aeruginosa:
(1) Chromosomal point mutations in the so-called quinolone resistance determining region
(QRDR) of the genes encoding GyrA and GyrB subunits of the DNA gyrase, and ParC and
ParE subunits of the topoisomerase IV. The amino acid positions more frequently described
are Thr83 and Asp87 in GyrA, Ser466 and Glu468 in GyrB, Ser87 in ParC, and Asp419,
Glu459, Ala473 and Ser457 in ParE [3]. (2) Efflux pumps overexpression or permeabil-
ity alterations that reduce the intracytoplasmic concentration of fluoroquinolones. Four
efflux pumps of P. aeruginosa are known to efflux fluoroquinolones (MexCD-OprJ/MexEF-
OprN/MexAB-OprM/MexXY-OprM), and their overexpression is associated with muta-
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tions in their regulator genes (nfxB / mexS/mexR, nalC, nalD/mexZ, respectively) [3]. (3)
Acquisition of transferable mechanisms of quinolone resistance (TMQR), such as Qnr,
QepA, OqxAB, AAC(6′)-Ib-cr, QacA and QacB families [2]. TMQR prevalence is low in P.
aeruginosa [3–5].

In addition, a 65-amino-acid protein, CrpP (ciprofloxacin resistance protein, plasmid
encoded), was first reported in 2018 as a novel ciprofloxacin-modifying enzyme, encoded by
a gene located on the pUM505 plasmid in a clinical P. aeruginosa isolate [6]. Thereafter, abun-
dant crpP homologues have been reported in P. aeruginosa and in Enterobacteriaceae [4,7–10].
crpP genes have been identified in P. aeruginosa as part of different mobile integrative
and conjugative elements (ICEs) that frequently transfer horizontally. Moreover, genetic
environment of crpP gene could carry different resistance genes, virulence factors and
various mobile genetic elements that may contribute to the spread of pathogens in hospital
settings [4,8,11].

The majority of fluoroquinolone-resistance and CrpP studies have focused on clinical
P. aeruginosa strains from humans, but scarce or absent on animal, food and environmental
strains. This study aimed to characterize the fluoroquinolone resistance in a collection of P.
aeruginosa from different origins, and to assess the associated genetic resistance mechanisms.

2. Results and Discussion

The high use of fluoroquinolone agents has contributed to the selection and dispersion
of fluoroquinolone-resistant pathogens in both hospital and environmental settings. In
this study, the resistance to fluoroquinolones and the involved genetic mechanisms have
been analyzed in a collection of 56 P. aeruginosa strains isolated from a wide variety of
clinical and non-clinical origins, including clinical and healthy humans, healthy animals,
water, and food (Table S1). In addition, the three P. aeruginosa PAO1, PA14, and PA7
reference strains were also included in the study. Thirty-three strains (55.9%), including P.
aeruginosa PAO1 and PA14, were susceptible to all fluoroquinolones tested (ciprofloxacin,
levofloxacin, norfloxacin and ofloxacin). All but two non-clinical strains showed this
susceptible phenotype (Figure 1, and Table S2). On the other hand, 22 strains (37.3%) were
resistant to at least one fluoroquinolone tested, being twelve of them and P. aeruginosa PA7
resistant to all fluoroquinolones tested (22%). These resistance percentages were slightly
higher than those detected in invasive (blood or cerebrospinal fluid) isolates in Spain
(18.1%) and Europe (18.9%) [12].

The three main fluoroquinolone resistance mechanisms have been studied in the 59
P. aeruginosa strains of our study: chromosomal mutations in drug targets; efflux pump
activity or permeability alterations; and acquisition of TMQR. The mutational resistome
was determined by analyzing the mutations in 23 chromosomal genes implicated in fluoro-
quinolone targets and efflux pumps (Table S3).

2.1. Chromosomal Mutations in Fluoroquinolone Targets

Regarding the amino acid changes detected within the QRDR of GyrA, ParC, GyrB
and ParE: two different substitutions were identified in GyrA (S83I and D87N), and ParE
proteins (H461D and A473V), and three changes were observed in GyrB (S466A, S466F
and I529V) and ParC (S87W, S87L and L95Q) (Table S2). To our knowledge, this is the
first report of the L95Q substitution in the ParC protein of P. aeruginosa strains, and it
was detected in a fluoroquinolone-resistant clinical strain (P. aeruginosa G273). No single
ParC changes were found in our P. aeruginosa collection, whereas single GyrB and ParE
substitutions were detected among ciprofloxacin-susceptible and resistant strains. As in
previous studies [14–16], a correlation between the number of changes in GyrA and ParC
proteins and the level of fluoroquinolone resistance was observed. None fluoroquinolone-
susceptible P. aeruginosa showed changes either in QRDR of GyrA or ParC. A single amino
acid change in the GyrA protein was associated with low ciprofloxacin resistance (MIC
2–4 mg/L), two substitutions (one in GyrA and one in ParC) with a moderate or high level
of ciprofloxacin resistance (MIC 8–128 mg/L), and three substitutions (two in GyrA and
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one in ParC) were associated with the highest ciprofloxacin MICs (128–256 mg/L) (Figure 1,
and Table S2). Curiously, all strains belonging to ST175 showed the highest fluoroquinolone
MICs and the same substitutions in GyrA (T83I+D87N), and in ParC (S87W+L168Q).

Figure 1. Heatmap Showing Minimum Inhibitory Concentrations (MIC) of Fluoroquinolones
(CIP = ciprofloxacin; LEV = levofloxacin; OFL = ofloxacin; NOR = norfloxacin) Where S Corre-
sponds to Susceptible, I to Intermediate, R to Resistant until 32mg/L, highly R from >32 to 128mg/L,
and very Highly R >128mg/L (levels of resistance according to Clinical and Laboratory Standards
Institute, CLSI [13]). The different variants of CrpP are shown in different colors, and the presence of
the exoU gene is indicated in black. The fluoroquinolone relevant alterations detected in 12 chromoso-
mal proteins are shown in red or maroon colors depending on the number of alterations. P. aeruginosa
PA14 is the same as UCBPP-PA14. * Protein not detected.

Recently, Rehman et al. (2021) [15] highlighted the importance of gene–gene interac-
tions in ciprofloxacin resistance. They showed that the T83I substitution in GyrA (without
an additional mechanism of resistance) is unable to confer a ciprofloxacin-resistance in P.
aeruginosa, being 1 mg/mL the predicted ciprofloxacin MIC. They also observed that the
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presence of other mutations (in GyrB, ParE, ParC or NfxB) increases the MIC only if the
GyrA mutation is present. This is in accordance with our results (Figure 1, and Table S2),
whereas there were strains that did not follow the above correlation pattern, such as the
three ciprofloxacin-resistant strains (G150, G261, G262) without mutations in GyrA and
ParC; or the 9 strains that show a wide range of ciprofloxacin MIC (MIC 8-128 mg/mL)
although they harbored the same amino acid substitutions (T83I in GyrA and S83L in
ParC) (Figure 1, and Table S2). The presence of active efflux pumps or mutations that affect
regulatory genes could explain these situations as it is showed below.

2.2. Efflux Pumps Overexpression and Mutational Resistome

PAβN is a widely used efflux-pump inhibitor in Enterobacteriaceae and P. aeruginosa,
where a four- or eight-fold reduction in the fluoroquinolone MIC in the PAβN presence
is an indicator of an efflux-pump overexpression [17,18]. In our study, 38 strains reduced
their ciprofloxacin MIC by more than two-fold in presence of 40 mg/L PAβN (Table S2), 17
of them being ciprofloxacin-resistant strains (MIC reduction range from 4 to > 233 folds).
This effect was especially noticeable in strains with one single GyrA substitution and in
the G157 strain, because the MIC of ciprofloxacin decreased from resistant to susceptible
levels. Besides, the nine strains (including G157, and PA7, G265, G268, G269, G270, G271,
G272, G273) with two substitutions in the fluoroquinolone targets (T83I in GyrA, and
S83L/S83W/L95Q in ParC) reduced their wide range of ciprofloxacin resistance (MIC 8–
128 mg/L) in presence of PAβN (MIC < 0.06–16 mg/L). These results indicate the presence
of efflux-pump overexpression or the membrane permeabilization in those strains.

The mutational resistome of genes involved in the four fluoroquinolone efflux pump
systems (MexA-MexB-OprM, MexC-MexD-OprJ, MexE-MexF-OprN and MexX-MexY-
OprM) and their regulators and activators was analyzed in the 59 strains of our study
(Table S2). The overexpression of efflux pumps plays a prominent role in the multidrug
resistance of P. aeruginosa, and is mainly associated with the loss of function of their
repressor genes (mexR, nalC, nalD, nfxB, mexS, mvaT and mexZ) or the gain of function of
their activator genes (mexT) [3,14].

Non-synonymous mutations, deletions or insertions have been observed in all genes
analyzed (Table S2). Alterations were most frequently observed in mexD, mexX, mexY
and nalC genes (98, 98, 95 and 85% of the strains, respectively), and the lowest ones in
mvaT, mexT and mexA genes (2, 8 and 10% of the strains, respectively). Multiple alterations
in these chromosomal resistance genes were classified as wildtype P. aeruginosa natural
polymorphisms [19], or were already reported showing no effect on efflux pump expression
and considered as insignificant for the fluoroquinolone resistance, such as V126E in MexR,
or G71E and S209R in NalC [20–23]. Thus, Figure 1 shows the alterations (premature
stop codons, substitutions, frameshifts, deletions or insertions) previously reported as
fluoroquinolone relevant ones [3,15,19,21–24] that were detected in the 59 P. aeruginosa
strains of our study (Table S2).

None of the previously reported mutations resulting in deficient NfxB or MexS activity
as well as overexpression of MexEF-OprN or MexCD-OprJ efflux pumps, and associated
with high-level (clinical) fluoroquinolone resistance [19,25–27], were detected among the
59 strains analyzed.

Regarding the nine strains with the two substitutions in GyrA and ParC targets, it was
highlighted that the four strains (G268, G269, G270, PA7) with the highest ciprofloxacin
MICs showed premature stop codons or deletions in MexZ (repressor of MexXY-OprM),
and the remaining strains, with the exception of the G157 strain, (G265, G271, G272, G273)
showed premature stop codons or deletions in the nalD gene (repressor of MexAB-OprM)
(Figure 1 and Table S2). Those detected mutations lead to defective proteins which could
not act as repressors in MexXY-OprM and MexAB-OprM pumps, respectively. Both efflux
pumps are constitutively expressed in wild-type strains, but it has been reported that
the loss of function of MexZ and NalD lead to efflux overexpression, respectively, and
contribute modestly to clinical fluoroquinolone resistance [24,28].
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On the other hand, it is interesting to highlight that the G157 strain, which was charac-
terized by the reduction of >233 folds of ciprofloxacin MIC in PAβN presence (from resistant
to susceptible levels), lacked the mexX, mexY and mexZ genes (Figure 1 and Table S2). PAβN
is a broad spectrum efflux pump inhibitor, but its membrane permeabilization activity has
also been described at concentration ≥16 mg/L in P. aeruginosa, being relevant in efflux
pumps deficient strains [29–31]. The efflux pump deficiency linked to the PAβN ability to
permeabilize membranes could explain the reduction to ciprofloxacin susceptibility in the
G157 strain, and to our knowledge, this is the first detection in a clinical (no laboratory) P.
aeruginosa strain.

2.3. TMQR Acquisition: Presence of CrpP

Forty-three strains (72.9%; 24 clinical, 17 non-clinical, and PA7 and UCBPP-PA14
reference strains) harbored the crpP gene, but no other TMQR was found in any of the 59
P. aeruginosa strains of our study (Figure 1 and Table S2). This crpP-carrying percentage
was higher than those obtained in previous studies performed with clinical P. aeruginosa
from Portugal (59.5%) [4], from India and Australia (63%) [5], from France and Switzerland
(46%) [8] or from China (25.4–53.5%) [10,32], but lower than those previously described in
clinical P. aeruginosa from Spain (84.6%) [4].

The amino acid sequences of CrpP of all 43 strains were compared with the first
CrpP described (NCBI Reference Sequence: WP_033179079.1) [6], and seven different
CrpP variants were found, grouped in three clades (Figure 2a). CrpP-1 corresponded
with the wild-type protein, but the remaining six CrpP variants presented amino acid
changes at least in positions Gly7 and/or Ile26 (Figure 2b). All the variants were previously
found [4,9,10,32], except the variant CrpP-7, that has been described for the first time in
this study. CrpP-7 showed 5 amino acid changes with respect to CrpP-1 (92% identity),
and was detected in three fluoroquinolone-susceptible P. aeruginosa isolated from wild
boar fecal samples. CrpP-1 was the predominant variant (11 strains, 26%), followed by
CrpP-2 (10 strains, 23%), CrpP-3 (8 strains, 19%) and CrpP-5 (7 strains, 16%). The crpP gene
was found in a wide variety of P. aeruginosa clones. Although no significant differences
were observed between CrpP variant and sequence types, CrpP-4, CrpP-6 and CrpP-7
variants were detected in strains belonging to ST274, ST217 and ST1711, respectively, and
the four strains belonging to high-risk clone ST175 harbored the CrpP-2 variant (Figure 1
and Table S2).

Since the CrpP-1 was initially identified in Mexico in 2018 [6], more than 37 CrpP
variants have been reported in Pseudomonas spp. from at least 16 countries [4,9,10]. However,
the crpP presence is not always associated with ciprofloxacin resistance. Indeed, twenty-one
out of our 43 crpP-positive strains (53%) were susceptible to all fluoroquinolones tested,
and the crpP presence did not significantly increase the fluoroquinolone MICs in our strains.
Previous works also observed these results [4,5,8,10,27,32], highlighting a recent study
where rigorous experimental results evidenced that CrpP is not a ciprofloxacin-modifying
enzyme nor confers clinical fluoroquinolone resistance [33].

Independently of the impact on fluoroquinolone susceptibility, the global dissemina-
tion of crpP and homologous genes was observed, not only in Pseudomonas spp., but also
in other Gram-negative bacteria genomes worldwide [7,9,11]. Indeed, crpP was originally
identified in the conjugative plasmid pUM505 [6], although ICEs have been identified
as the major reservoirs of crpP genes in P. aeruginosa [4,10,11]. The location of crpP-like
genes into mobile genetic elements is of concern, because they also carry genes encoding
virulence factors or involved in heavy metal resistance that can be spread among pathogens
in different settings.
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Figure 2. (a) Maximum-likelihood phylogenetic tree generated by the alignment of the amino acidic
sequences of the CrpP variants found in this study. The alignment and the tree were generated
with MEGA11. WT is CrpP-1. (b) Amino acid substitutions of each CrpP variant detected in this
study compared to the first described CrpP in pUM505 plasmid (named CrpP-1) (GenBank accession
number HM560971). 1 The variants included into brackets correspond to the variants previously
detected by Zhu et al. (2021) [10]. CrpP-7 is a new variant found only in our study.

The analysis of the crpP genetic location in the genome of our P. aeruginosa strains
revealed that the gene was located in chromosomal ICEs in all the 43-crpP positive strains.
All crpP ICEs carried a MOBH2 relaxase, the ICE sizes ranged from 80 to 165 Kb with a G+C
content of 59–60%, and tRNA-Lys was the ICE insertion site. The crpP gene was flanked
by the highly conserved 45 bp direct repeats (attL and attR), and at both extremities by the
xerD and parA genes, encoding an integrase of the tyrosine recombinase family and the
plasmid partition protein A, respectively, as previously reported [8,10,11].

The ICE structures of the 43 crpP-positive P. aeruginosa strains, as well as the reference
plasmid pUM5053 were analyzed. The crpP-ICEs were variable in composition, although
displaying a similar backbone gene organization. A phylogenetic tree was constructed
from the core single-nucleotide polymorphisms (SNPs) within the ICE backbones (using
the sequence of pUM505 as reference) (Figure 3). Three separate clustering groups and
23 different ICEs were observed.

Some association has been observed between the type of crpP-ICE and the P. aeruginosa
sequence type (ST), highlighting that all P. aeruginosa ST973 (G205, G212, G252, G261,
G262, G273, G274 and G275) showed the same crpP-ICE (Figure 3). The G157, G269 and
UCBPP-PA14 strains belonged to the clonal complex CC253 and harbored similar crpP-
ICEs. However, the strains belonging to ST155, ST244 and ST274 had a great variety
of crpP-ICEs. The genetic structures of the 23 different crpP-ICEs identified in Figure 3
were compared, and all of them showed a conserved and a variable region (Figure 4).
The conserved region (delimitated between the class I SAM-dependent methyltransferase
encoding gene and parA) included the crpP gene and the type IV pili synthesis operon (pil
operon). On the other hand, a great variety of structures was detected in the variable region
(delimitated between xerD and the class I SAM-dependent methyltransferase encoding
gene) of the 23 different crpP-ICEs. Several insertion sequences (ISPa32, ISPa40, ISPa97,
ISPa121, ISPa125, TnAs1, etc.), the fimbriae related cupA, cupD or cupE clusters, the mercury
resistance mer operon, the pyocin S5 and S8 bacteriocin encoding genes, and mobilization
genes such as virB, virD, tra and trb operon, among others, were included in the crpP-
ICE variable regions (Figure 4). Among these elements found in the crpP-ICEs, cup locus
encodes bacterial adhesive organelles, and pyoS5 and pys8 genes encode S5 pyocin and S8
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pyocin, respectively, that mediate bactericidal activity against other P. aeruginosa isolates
were detected. The genetic environment of pys8 is organized in transposon Tn6350 [34],
being this structure found in the strains G87 and G150 within crpP-ICE. Additionally,
the 23 integrases XerD identified in this study shared from 59.76 to 99.77% amino acid
identity, and their protein alignment was plotted in a tree where four different branches
were identified (Figure S1).

Figure 3. Phylogenetic tree of the crpP-ICEs detected in the 43 crpP-positive P. aeruginosa and the
reference plasmid pUM505 (reference 1-2443) build based on the concatenated alignment of the
high-quality SNPs, using CSI Phylogeny and MEGA-11.

The presence of this arsenal of genes, together with the fact that ICEs have the capacity
to be transferred among P. aeruginosa strains, highlights the crpP-ICE role in the dissemi-
nation of resistance mechanisms and virulence that would enhance, on host P. aeruginosa
strains, the adaptation to different niches, including hospital environment, as well as its
expansion towards other relevant genera (i.e., Acinetobacter).
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Figure 4. Comparison of different genetic environments of crpP-harbouring P. aeruginosa. Arrows
represent genes and indicate the orientation. Relevant genes are indicated by colored arrows as follows:
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xerD and parA genes (dark blue), mobilization genes (virB, virD, tra genes and trb operon) (orange),
pil operon (green), mer operon (pink), fimbrial operon (brown), mobile element (IS and Tn) (yellow),
pyocin gene (dark grey) and crpP gene (red).

The crpP-ICEs were integrated into specific hotspots. The tRNAs are known to serve
as integration sites for ICEs and phage-like elements [35]. Indeed, all the 43 crpP-ICEs
detected in this study were integrated at the end of the tRNA-Lys that was found alone
or in a tRNA cluster (tRNA-Asn, tRNA-Pro, tRNA-Lys), as was previously described [11].
The two different genomic environments detected (PA4541/PA4542 and PA0976/ PA0988)
were as follows: (i) PA4541/PA4542, the ICE was inserted between PA4541 (lepA) and
PA4542 (clpB) after the tRNA cluster (observed in 29 strains, including UCBPP-PA14); or
(ii) PA0976/PA0988, ICE inserted between PA0976 (queC) and PA0988 (CoAhydrolase) after
the single tRNA-Lys (detected in 14 strains, including PA7) (Figure 5, Table S4). These two
insertion points are considered as regions of genome plasticity (RGPs) [35]. Interestingly,
all the 14 strains harboring the crpP-ICEs inside the PA0976/PA0988 point, showed the
“hot spot” PA4541/PA4542 empty. However, different structures were observed in the
29 strains with the crpP-ICEs inserted in the PA4541/PA4542 point: 10 strains showed an
empty PA0976/PA0988 structure, 4 strains carried the exoU-PAGI, 6 strains harbored an
ICE with the pyoS5 gene, one strain presented a genomic island similar to PAGI-5 (GenBank
accession No. EF611301), and the PA0976/PA0988 region was not totally ascertained in
8 strains (Figure 5, Table S4).

The presence of the PA4541/PA4542 and PA0976/ PA0988 insertion points was also
investigated in the 16 crpP-negative P. aeruginosa strains of this study (Figure 5, Table S4).
The PA4542/PA4541 insertion point was empty in all but one strain. The PA0976/PA0988
region was empty in six strains, but included the exoU-PAGI in two strains, the pyoS5-ICE
in four strains (including PAO1 strain), the PAGI-5-like in two strains, and an ICE in two
strains, whose insertion removed from PA0988 to PA0998 region, leaving a partial pqsB
gene (PA0997) (Figure 5, Table S4). All these elements, including the crpP-ICE, belong to
the pKLC102-subtype genomic islands, which harbor a XerC/XerD integrase gene. These
integrases recognize these two insertion points which both are the unique tRNA-Lys present
in the P. aeruginosa genome [35].

In summary, resistance to fluoroquinolones in P. aeruginosa is multifactorial as Table 1
shows. Genomic information could predict ciprofloxacin resistance and susceptibility, such
as recent works have reported using manual and machine learning approaches [19,36].
Particularly, mutations in the QRDR of GyrA and ParC have the highest effect on fluoro-
quinolone resistance levels. In our study, other related proteins were found to be altered
or absent in resistant strains, such as those implicated in efflux pumps regulation: MexZ,
MvaT and NalD. Other alterations in the studied genes were detected, but in susceptible-
and resistant-strains, and therefore, their implication in resistance could not be proved.
The same fact occurs with the presence of CrpP variants. We have reported the spread of
crpP-like genes in a large series of P. aeruginosa obtained from a clinical and non-clinical
origin. Despite CrpP not conferring fluoroquinolones resistance per se, the emergence of
other CrpP variants as well as in combination with other mechanisms may be considered
and monitored. Furthermore, the location of crpP-like genes in mobilizable ICEs in P.
aeruginosa is of significant concern, because genes encoding resistance to heavy metals and
virulence factors are coharbored.
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Figure 5. Mobile elements inserted after the tRNA-Lys of P. aeruginosa genome: (a) PA4541/PA4542
(lepA/clpB) empty region in PAO1 strain and crpP-ICE inserted in UCBPP-PA14 strain.
(b) PA0976/PA0988 (queC/CoAhydrolase) empty region in G73 strain, pyoS5-ICE in PAO1 strain,
PAGI-5-like in G123, exoU-PAGI in G268, crpP-ICE in G267, and an ICE removing from PA0988 to
PA0998 in G94. Relevant genes are indicated by colored arrows as follows: xerD and parA genes (dark
blue), mobilization genes (virB, virD, tra genes and trb operon) (orange), pil operon (green), fimbrial
operon (brown), mobile element (IS and Tn) (yellow), pyocin gene (dark grey) and crpP and exoU
genes (red).

This work provides a genetic explanation of the fluoroquinolone resistance and crpP-
associated pathogenesis of P. aeruginosa recovered from clinical and healthy humans, healthy
animals, environmental, and food samples. A reduction of fluoroquinolone use, a contin-
ued monitoring of evolving antibiotic resistance patterns, and novel research approaches
including new antibiotics with novel modes of action, phage therapy or antisense agents,
are required to minimizing the impact of fluoroquinolone resistance in P. aeruginosa.



Antibiotics 2022, 11, 1271 11 of 15

Table 1. Fluoroquinolone Resistance Levels and Associated Changes Detected in the Strains included
in this Study.

Number of
Strains

Fluoroquinolone MIC (mg/L) a Fluoroquinolone Relevant
Modifications Detected in

[nºStrains] b

CrpP Variant
(nºStrains) cCIP LEV NOR OF

8 64–256
(R)

128–256
(R)

128–512
(R)

128–512
(R)

GyrA (T83I; D87N); ParC (S87W) (4)
GyrA (T83I); ParC (S87W); MexZ

(∆V102-V105) (1)
GyrA (T83I); ParC (S87L); MexZ

(V43*/ E98fs) (2)
GyrA (T83I); GyrB (I529V); ParC
(S87L); MvaT (ins_ntG66); MexZ

(∆nt216-225) (1)

CrpP-2 (4)
CrpP-3 (1)
CrpP-2 (1);
None (1)

CrpP-2 (1)

5
8–16
(R)

4–128
(R)

64–128
(R)

16–128
(R)

GyrA (T83I); ParC(S87L); NalD
(R164*) (3) CrpP-1 (3)

GyrA (T83I); ParC (L95Q); ParE
(A473V); NalD (V151fs) (1) CrpP-1 (1)

GyrA (T83I); ParC (S87W); ∆MexXYZ
(1) CrpP-3 (1)

7
2–4
(R)

4–16
(R)

8
(I)

8–16
(R)

GyrA (T83I); ParE (A473V/ H461D,
A473V) (3) CrpP-1 (3)

GyrA (T83I); MexB (∆nt2131-2143) (1) CrpP-5 (1)
ParE (A473V) (2) CrpP-1 (2)
MexX (Q85*) (1) CrpP-5 (1)

1 1
(I)

16
(R)

8
(I)

16
(R) GyrB (S466F) (1) None (1)

1 1
(I)

1
(S)

1
(S)

1
(S) MexT (P28fs) (1) None (1)

2 0.5
(S)

2
(I)

4
(S)

4–8
(I-R) GyrB (S466A) (2) CrpP-5 (2)

35
0.06–0.5

(S)
0.125–2

(S-I)
0.125–8

(S-I)
0.25–4
(S-I)

ParE (A473V) (2) CrpP-6 (2)
ParE (A473V); MexZ (∆E21-G28) (2) CrpP-1 (2)

GyrB (I529V) (6)
CrpP-7 (3);
CrpP-3 (1);
None (2)

MexF (Q178*) (2) CrpP-2 (2)
OprM (P173fs) (1) CrpP-4 (1)

WT (22)

CrpP-2 (2);
CrpP-3 (5);
CrpP-4 (1);
CrpP-5 (3);
None (11)

a Breakpoints according to CLSI 2020 [13]. CIP: ciprofloxacin; LEV: levofloxacin; NOR: norfloxacin; OF, ofloxacin.
b Amino acid changes compared to PAO1 as reference strain, except for MexT which was compared to UCBPP-
PA14 reference strain. The slanted line (/) separates different patterns of modifications. Abbreviations: *, pre-
mature stop codon; fs, frameshift; ins_nt, nucleotide insertion; ∆, deletion; c CrpP-1 allele corresponds to the
wild-type protein described in pUM505, and the remaining CrpP variants showed the following changes: CrpP-2
(G7D); CrpP-3 (K4R, G7D); CrpP-4 (G7H, I26L); CrpP-5 (G7H, F16Y, I26L); CrpP-6 (K4R, G7D, Q62K); CrpP-7
(V1M, S2L, K3L, G7H, I26L).

3. Materials and Methods
3.1. Bacterial Strains and Fluoroquinolone Susceptibility Testing

A total of 56 P. aeruginosa strains were selected from the Pseudomonas collection of the
Molecular Microbiology Area (Centre for Biomedical Research in La Rioja, CIBIR, Logroño,
Spain) (Table S1). These strains were obtained from clinical (n = 28) and non-clinical (n = 28)
samples from Spain. P. aeruginosa PAO1, PA7 and PA14 reference strains were also included
in the study.
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Minimum inhibitory concentrations (MIC) of ciprofloxacin, levofloxacin, norfloxacin
and ofloxacin (Sigma-Aldrich, St. Louis, MO, USA) were determined by agar dilution
method using P. aeruginosa ATCC27853 strain as control strain and interpreted according to
CLSI (2020) [13]. Furthermore, to assess the role of efflux pumps, MIC of ciprofloxacin was
determined in presence and absence of the inhibitor Phe-Arg-β-naphthylamide (PAβN,
40 mg/L, Sigma-Aldrich, St. Louis, MO, USA). Isolates were defined as efflux pump
overproducers when MICwithout PAβN/MICPAβN was > 2, as previously described [18].

3.2. Whole Genome Sequencing (WGS)

Genomic DNA was extracted using the Wizard® Genomic DNA Purification Kit
(Promega, Madison, WI, USA). Quantity and quality were evaluated using a Qubit fluo-
rimeter (Thermo Fisher Scientific, Waltham, MA, USA). Libraries were prepared using the
TruSeq DNA PCR Free protocol (Ilumina, San Diego, CA, USA). Then, the final libraries
quality was assessed with Fragment Analyzer (Std. Sens. NGS Fragment Analysis kit 1-
6000 bp), and quantified by qPCR at the Genomics and Bioinformatics Core Facility (CIBIR).
Subsequent sequencing was carried out in an Illumina HiSeq 1500 (Illumina, San Diego,
CA, USA).

FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used
to analyze the quality of raw reads, which were subsequently trimmed and filtered by
using Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
Genomes were reconstructed using PLACNETw [37] or PATRIC [38]. Identification of Open
Reading Frames (ORFs) and genome annotation of the assembled genetic elements was
performed by PROKKA v1.13 [39].

The genomes of P. aeruginosa PAO1, UCBPP-PA14 and PA7 strains, and the pUM505
plasmid sequence were downloaded from the NCBI database (GenBank accession No.
GCF_000006765.1, GCF_000014625.1, GCF_000017205.1 and HM560971, respectively).

3.3. Resistome

The presence of acquired fluoroquinolone resistance genes was evaluated using Res-
Finder v4.1 [40–42]. The crpP gene was confirmed using Blastn tool, and the mutations
were determined by comparison with Pseudomonas aeruginosa pUM505 crpP gene (GenBank
accession No. NG_062203.1) using the Clustal Omega tool [43].

The mutational resistome was determined by analyzing the mutations in 23 chromoso-
mal genes implicated in fluoroquinolone targets and efflux pumps (Table S3) using Clustal
Omega tool, and compared with P. aeruginosa PAO1 genes from Pseudomonas Genome
Database (https://www.pseudomonas.com) [44].

3.4. Genetic Context of crpP

The genetic environment of the crpP gene was investigated. The crpP-containing
ICEs were reconstructed and reannotated manually using Artemis and Mauve [45,46]. A
comparative map was drawn using Blast (V2.10) and Easyfig tools [47]. The pUM505
plasmid sequence was considered as reference.

The genetic relationship in this region was analyzed in all strains by CSI Phylogeny,
Mega 11 and iTOL [48–50].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11091271/s1, Table S1: Characteristics of the 56 Pseu-
domonas aeruginosa strains isolated from different origins; Table S2: Minimum inhibitory concentra-
tions (MIC) of fluoroquinolones, CrpP variants and fluoroquinolone mutational resistome detected in
the 59 analyzed Pseudomonas aeruginosa strains; Table S3: Dataset and function of the 23 antimicrobial
resistance genes analyzed to determine the mutational resistome of the P. aeruginosa strains; Table S4:
Mobile elements inserted in PA0976/PA0988 and PA4541/PA4542 insertion points of the 59 analyzed
Pseudomonas aeruginosa; Table S5: Accession numbers for Pseudomonas aeruginosa strains in this study;
Figure S1: Maximum-Likelihood phylogenetic tree generated by the alignment of the amino acidic
sequences of the XerD integrases found in this study.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.pseudomonas.com
https://www.mdpi.com/article/10.3390/antibiotics11091271/s1
https://www.mdpi.com/article/10.3390/antibiotics11091271/s1


Antibiotics 2022, 11, 1271 13 of 15

Author Contributions: Conceptualization, M.L., B.R.-B., G.C. and Y.S.; Data curation, M.L. and
B.R.-B.; Formal analysis, M.L., B.R.-B. and Y.S.; Funding acquisition, Y.S.; Investigation, M.L., B.R.-B.,
G.C. and Y.S.; Methodology, M.L., B.R.-B. and G.C.; Supervision, Y.S.; Writing—original draft, M.L.
and B.R.-B.; Writing—review & editing, M.L., B.R.-B., G.C. and Y.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research work was supported by the Instituto de Salud Carlos III of Spain (ISCIII)
grant number [FIS project number PI20/00356] (Co-funded by European Regional Development
Fund (FEDER) “A way to make Europe”). Gabriela Chichón (G.C.) had a predoctoral fellowship from
the Consejería de Industria, Innovación y Empleo, Gobierno de La Rioja, Spain.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All datasets are available. The whole genome data for all 56 P. aeruginosa
strains have been deposited at GenBank using the BioProject numbers PRJNA526213, PRJNA526344,
PRJNA528628, and PRJNA796464. Supplementary Table S5 shows the accession numbers for se-
quences of P. aeruginosa strains.

Acknowledgments: Part of this study was presented at the 32nd European Congress of Clinical
Microbiology and Infectious Diseases (ECCMID) (Presentation number P0795, Lisbon, Portugal,
23–26 April 2022).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Lister, P.D.; Wolter, D.J.; Hanson, N.D. Antibacterial-resistant Pseudomonas aeruginosa: Clinical impact and complex regulation of

chromosomally encoded resistance mechanisms. Clin. Microbiol. Rev. 2009, 22, 582–610. [CrossRef] [PubMed]
2. Ruiz, J. Transferable Mechanisms of Quinolone Resistance from 1998 Onward. Clin. Microbiol. Rev. 2019, 32, e00007-19. [CrossRef]
3. Rehman, A.; Patrick, W.M.; Lamont, I.L. Mechanisms of ciprofloxacin resistance in Pseudomonas aeruginosa: New approaches to an

old problem. J. Med. Microbiol. 2019, 68, 1–10. [CrossRef] [PubMed]
4. Hernández-García, M.; García-Castillo, M.; García-Fernández, S.; López-Mendoza, D.; Díaz-Regañón, J.; Romano, J.; Pássaro,

L.; Paixão, L.; Cantón, R. Presence of Chromosomal crpP-like Genes Is Not Always Associated with Ciprofloxacin Resistance
in Pseudomonas aeruginosa Clinical Isolates Recovered in ICU Patients from Portugal and Spain. Microorganisms 2021, 9, 388.
[CrossRef] [PubMed]

5. Khan, M.; Summers, S.; Rice, S.A.; Stapleton, F.; Willcox, M.D.P.; Subedi, D. Acquired fluoroquinolone resistance genes in corneal
isolates of Pseudomonas aeruginosa. Infect. Genet. Evol. 2020, 85, 104574. [CrossRef] [PubMed]

6. Chávez-Jacobo, V.M.; Hernández-Ramírez, K.C.; Romo-Rodríguez, P.; Pérez-Gallardo, R.V.; Campos-García, J.; Gutiérrez-Corona,
J.F.; García-Merinos, J.P.; Meza-Carmen, V.; Silva-Sánchez, J.; Ramírez-Díaz, M.I. CrpP Is a Novel Ciprofloxacin-Modifying
Enzyme Encoded by the Pseudomonas aeruginosa pUM505 Plasmid. Antimicrob. Agents Chemother. 2018, 62, e02629-17. [CrossRef]

7. Chávez-Jacobo, V.M.; Hernández-Ramírez, K.C.; Silva-Sánchez, J.; Garza-Ramos, U.; Barrios-Camacho, H.; Ortiz-Alvarado, R.;
Cervantes, C.; Meza-Carmen, V.; Ramírez-Díaz, M.I. Prevalence of the crpP gene conferring decreased ciprofloxacin susceptibility
in enterobacterial clinical isolates from Mexican hospitals. J. Antimicrob. Chemother. 2019, 74, 1253–1259. [CrossRef]

8. Ortiz de La Rosa, J.; Nordmann, P.; Poirel, L. Pathogenicity Genomic Island-Associated CrpP-Like Fluoroquinolone-Modifying
Enzymes among Pseudomonas aeruginosa Clinical Isolates in Europe. Antimicrob. Agents Chemother. 2020, 64, e00489-20. [CrossRef]

9. Ruiz, J. CrpP, a passenger or a hidden stowaway in the Pseudomonas aeruginosa genome? J. Antimicrob. Chemother. 2019, 74,
3397–3399. [CrossRef]

10. Zhu, Z.; Yang, H.; Yin, Z.; Jing, Y.; Zhao, Y.; Fu, H.; Du, H.; Zhou, D. Diversification and prevalence of the quinolone resistance
crpP genes and the crpP-carrying Tn6786-related integrative and conjugative elements in Pseudomonas aeruginosa. Virulence 2021,
12, 2162–2170. [CrossRef]

11. Botelho, J.; Grosso, F.; Peixe, L. ICEs Are the Main Reservoirs of the Ciprofloxacin-Modifying crpP Gene in Pseudomonas aeruginosa.
Genes 2020, 11, 889. [CrossRef] [PubMed]

12. WHO Regional Office for Europe and European Centre for Disease Prevention and Control. Surveillance of Antimicrobial Resistance
in Europe, 2020 Data. Executive Summary; WHO Regional Office for Europe: Copenhagen, Denmark, 2021.

13. CLSI. Performance Standards for Antimicrobial Susceptibility, 30th ed.; CLSI Supplement M100; Clinical and Laboratory Standards
Institute: Wayne, PA, USA, 2020.

http://doi.org/10.1128/CMR.00040-09
http://www.ncbi.nlm.nih.gov/pubmed/19822890
http://doi.org/10.1128/CMR.00007-19
http://doi.org/10.1099/jmm.0.000873
http://www.ncbi.nlm.nih.gov/pubmed/30605076
http://doi.org/10.3390/microorganisms9020388
http://www.ncbi.nlm.nih.gov/pubmed/33672870
http://doi.org/10.1016/j.meegid.2020.104574
http://www.ncbi.nlm.nih.gov/pubmed/32992031
http://doi.org/10.1128/AAC.02629-17
http://doi.org/10.1093/jac/dky562
http://doi.org/10.1128/AAC.00489-20
http://doi.org/10.1093/jac/dkz316
http://doi.org/10.1080/21505594.2021.1962160
http://doi.org/10.3390/genes11080889
http://www.ncbi.nlm.nih.gov/pubmed/32759827


Antibiotics 2022, 11, 1271 14 of 15

14. Bruchmann, S.; Dötsch, A.; Nouri, B.; Chaberny, I.F.; Häussler, S. Quantitative contributions of target alteration and decreased
drug accumulation to Pseudomonas aeruginosa fluoroquinolone resistance. Antimicrob. Agents Chemother. 2013, 57, 1361–1368.
[CrossRef] [PubMed]

15. Rehman, A.; Jeukens, J.; Levesque, R.C.; Lamont, I.L. Gene-Gene Interactions Dictate Ciprofloxacin Resistance in Pseudomonas
aeruginosa and Facilitate Prediction of Resistance Phenotype from Genome Sequence Data. Antimicrob. Agents Chemother. 2021, 65,
e0269620. [CrossRef] [PubMed]

16. Van der Putten, B.C.L.; Remondini, D.; Pasquini, G.; Janes, V.A.; Matamoros, S.; Schultsz, C. Quantifying the contribution of four
resistance mechanisms to ciprofloxacin MIC in Escherichia coli: A systematic review. J. Antimicrob. Chemother. 2019, 74, 298–310.
[CrossRef] [PubMed]

17. Guo, L.L.; Li, L.M.; Li, Y.; Duan, X.X.; Liu, Y.J.; Gao, R.; Zhao, Y.D. Characterization of antimicrobial resistance and virulence
genes of Pseudomonas aeruginosa isolated from mink in China, 2011–2020. Microb. Pathog. 2022, 162, 105323. [CrossRef] [PubMed]

18. Palma, N.; Pons, M.J.; Gomes, C.; Mateu, J.; Riveros, M.; García, W.; Jacobs, J.; García, C.; Ochoa, T.J.; Ruiz, J. Resistance to
quinolones, cephalosporins and macrolides in Escherichia coli causing bacteraemia in Peruvian children. J. Glob. Antimicrob. Resist.
2017, 11, 28–33. [CrossRef]

19. Cortes-Lara, S.; Barrio-Tofiño, E.D.; López-Causapé, C.; Oliver, A.; GEMARA-SEIMC/REIPI Pseudomonas Study Group. Predicting
Pseudomonas aeruginosa susceptibility phenotypes from whole genome sequence resistome analysis. Clin. Microbiol. Infect. 2021,
27, 1631–1637. [CrossRef]

20. Choudhury, D.; Talukdar, A.D.; Maurya, A.P.; Choudhury, M.D.; Dhar Chanda, D.; Chakravarty, A.; Bhattacharjee, A. Contribution
of efflux pumps in fluroquinolone resistance in multi-drug resistant nosocomial isolates of Pseudomanas aeruginosa from a tertiary
referral hospital in north east India. Indian J. Med. Microbiol. 2015, 33, 84–86. [CrossRef]

21. Horna, G.; López, M.; Guerra, H.; Saénz, Y.; Ruiz, J. Interplay between MexAB-OprM and MexEF-OprN in clinical isolates of
Pseudomonas aeruginosa. Sci. Rep. 2018, 8, 16463. [CrossRef]

22. Pan, Y.P.; Xu, Y.H.; Wang, Z.X.; Fang, Y.P.; Shen, J.L. Overexpression of MexAB-OprM efflux pump in carbapenem resistant
Pseudomonas aeruginosa. Arch. Microbiol. 2016, 198, 565–571. [CrossRef]

23. Suresh, M.; Nithya, N.; Jayasree, P.R.; Vimal, K.P.; Manish Kumar, P.R. Mutational analyses of regulatory genes, mexR, nalC,
nalD and mexZ of mexAB-oprM and mexXY operons, in efflux pump hyperexpressing multidrug-resistant clinical isolates of
Pseudomonas aeruginosa. World J. Microbiol. Biotechnol. 2018, 34, 83. [CrossRef] [PubMed]

24. López-Causapé, C.; Cabot, G.; Del Barrio-Tofiño, E.; Oliver, A. The Versatile Mutational Resistome of Pseudomonas aeruginosa.
Front. Microbiol. 2018, 9, 685. [CrossRef] [PubMed]

25. Richardot, C.; Plésiat, P.; Fournier, D.; Monlezun, L.; Broutin, I.; Llanes, C. Carbapenem resistance in cystic fibrosis strains
of Pseudomonas aeruginosa as a result of amino acid substitutions in porin OprD. Int. J. Antimicrob. Agents. 2015, 45, 529–532.
[CrossRef] [PubMed]

26. Richardot, C.; Juarez, P.; Jeannot, K.; Patry, I.; Plésiat, P.; Llanes, C. Amino Acid Substitutions Account for Most MexS Alterations
in Clinical nfxC Mutants of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2016, 60, 2302–2310. [CrossRef]

27. Xu, C.; Liu, H.; Pan, X.; Ma, Z.; Wang, D.; Zhang, X.; Zhu, G.; Bai, F.; Cheng, Z.; Wu, W.; et al. Mechanisms for Development of
Ciprofloxacin Resistance in a Clinical Isolate of Pseudomonas aeruginosa. Front. Microbiol. 2021, 11, 598291. [CrossRef]

28. Sobel, M.L.; Hocquet, D.; Cao, L.; Plesiat, P.; Poole, K. Mutations in PA3574 (nalD) lead to increased MexAB-OprM expression
and multidrug resistance in laboratory and clinical isolates of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2005, 49,
1782–1786. [CrossRef]

29. Iino, R.; Nishino, K.; Noji, H.; Yamaguchi, A.; Matsumoto, Y. A microfluidic device for simple and rapid evaluation of multidrug
efflux pump inhibitors. Front. Microbiol. 2012, 3, 40. [CrossRef]

30. Lamers, R.P.; Cavallari, J.F.; Burrows, L.L. The Efflux Inhibitor Phenylalanine-Arginine Beta-Naphthylamide (PAβN) Permeabi-
lizes the Outer Membrane of Gram-Negative Bacteria. PLoS ONE 2013, 8, e60666. [CrossRef]

31. Lomovskaya, O.; Warren, M.S.; Lee, A.; Galazzo, J.; Fronko, R.; Lee, M.; Blais, J.; Cho, D.; Chamberland, S.; Renau, T.; et al.
Identification and characterization of inhibitors of multidrug resistance efflux pumps in Pseudomonas aeruginosa: Novel agents for
combination therapy. Antimicrob. Agents Chemother. 2001, 45, 105–116. [CrossRef]

32. Xu, Y.; Zhang, Y.; Zheng, X.; Yu, K.; Sun, Y.; Liao, W.; Jia, H.; Xu, C.; Zhou, T.; Shen, M. The prevalence and functional
characteristics of CrpP-like in Pseudomonas aeruginosa isolates from China. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 2651–2656.
[CrossRef]

33. Zubyk, H.L.; Wright, G.D. CrpP is not a fluoroquinolone-inactivating enzyme. Antimicrob. Agents Chemother. 2021, 65, e00773-21.
[CrossRef] [PubMed]

34. Turano, H.; Gomes, F.; Barros-Carvalho, G.A.; Lopes, R.; Cerdeira, L.; Netto, L.E.S.; Gales, A.C.; Lincopan, N. Tn6350, a Novel
Transposon Carrying Pyocin S8 Genes Encoding a Bacteriocin with Activity against Carbapenemase-Producing Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 2017, 24, e00100-17. [CrossRef]

35. Klockgether, J.; Cramer, N.; Wiehlmann, L.; Davenport, C.F.; Tümmler, B. Pseudomonas aeruginosa Genomic Structure and Diversity.
Front. Microbiol. 2011, 2, 150. [CrossRef] [PubMed]

36. Khaledi, A.; Weimann, A.; Schniederjans, M.; Asgari, E.; Kuo, T.H.; Oliver, A.; Cabot, G.; Kola, A.; Gastmeier, P.; Hogardt, M.; et al.
Predicting antimicrobial resistance in Pseudomonas aeruginosa with machine learning-enabled molecular diagnostics. EMBO Mol.
Med. 2020, 12, e10264. [CrossRef] [PubMed]

http://doi.org/10.1128/AAC.01581-12
http://www.ncbi.nlm.nih.gov/pubmed/23274661
http://doi.org/10.1128/AAC.02696-20
http://www.ncbi.nlm.nih.gov/pubmed/33875431
http://doi.org/10.1093/jac/dky417
http://www.ncbi.nlm.nih.gov/pubmed/30357339
http://doi.org/10.1016/j.micpath.2021.105323
http://www.ncbi.nlm.nih.gov/pubmed/34843921
http://doi.org/10.1016/j.jgar.2017.06.011
http://doi.org/10.1016/j.cmi.2021.05.011
http://doi.org/10.4103/0255-0857.148388
http://doi.org/10.1038/s41598-018-34694-z
http://doi.org/10.1007/s00203-016-1215-7
http://doi.org/10.1007/s11274-018-2465-0
http://www.ncbi.nlm.nih.gov/pubmed/29846800
http://doi.org/10.3389/fmicb.2018.00685
http://www.ncbi.nlm.nih.gov/pubmed/29681898
http://doi.org/10.1016/j.ijantimicag.2014.12.029
http://www.ncbi.nlm.nih.gov/pubmed/25735764
http://doi.org/10.1128/AAC.02622-15
http://doi.org/10.3389/fmicb.2020.598291
http://doi.org/10.1128/AAC.49.5.1782-1786.2005
http://doi.org/10.3389/fmicb.2012.00040
http://doi.org/10.1371/journal.pone.0060666
http://doi.org/10.1128/AAC.45.1.105-116.2001
http://doi.org/10.1007/s10096-021-04287-2
http://doi.org/10.1128/AAC.00773-21
http://www.ncbi.nlm.nih.gov/pubmed/34001507
http://doi.org/10.1128/AAC.00100-17
http://doi.org/10.3389/fmicb.2011.00150
http://www.ncbi.nlm.nih.gov/pubmed/21808635
http://doi.org/10.15252/emmm.201910264
http://www.ncbi.nlm.nih.gov/pubmed/32048461


Antibiotics 2022, 11, 1271 15 of 15

37. Vielva, L.; de Toro, M.; Lanza, V.F.; de la Cruz, F. PLACNETw: A web-based tool for plasmid reconstruction from bacterial
genomes. Bioinformatics 2017, 33, 3796–3798. [CrossRef]

38. Davis, J.J.; Wattam, A.R.; Aziz, R.K.; Brettin, T.; Butler, R.; Butler, R.M.; Chlenski, P.; Conrad, N.; Dickerman, A.; Dietrich, E.M.;
et al. The PATRIC Bioinformatics Resource Center: Expanding data and analysis capabilities. Nucl. Acids Res. 2020, 48, D606–D612.
[CrossRef]

39. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
40. Bortolaia, V.; Kaas, R.F.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.R.;

et al. ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491–3500. [CrossRef]
41. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and

applications. BMC Bioinform. 2009, 10, 421. [CrossRef]
42. Zankari, E.; Allesøe, R.; Joensen, K.G.; Cavaco, L.M.; Lund, O.; Aarestrup, F.M. PointFinder: A novel web tool for WGS-based

detection of antimicrobial resistance associated with chromosomal point mutations in bacterial pathogens. J. Antimicrob. Chemother.
2020, 72, 2764–2768. [CrossRef]

43. Madeira, F.; Park, Y.M.; Lee, J.; Buso, N.; Gur, T.; Madhusoodanan, N.; Basutkar, P.; Tivey, A.R.N.; Potter, S.C.; Finn, R.D.; et al.
The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucl. Acids Res. 2019, 47, W636–W641. [CrossRef] [PubMed]

44. Winsor, G.L.; Griffiths, E.J.; Lo, R.; Dhillon, B.K.; Shay, J.A.; Brinkman, F.S. Enhanced annotations and features for comparing
thousands of Pseudomonas genomes in the Pseudomonas genome database. Nucl. Acids Res. 2016, 44, D646–D653. [CrossRef]
[PubMed]

45. Carver, T.; Harris, S.R.; Berriman, M.; Parkhill, J.; McQuillan, J.A. Artemis: An integrated platform for visualization and analysis
of high-throughput sequence-based experimental data. Bioinformatics 2012, 28, 464–469. [CrossRef]

46. Darling, A.E.; Mau, B.; Perna, N.T. Progressive Mauve: Multiple genome alignment with gene gain, loss and rearrangement. PLoS
ONE 2010, 5, e11147. [CrossRef] [PubMed]

47. Sullivan, M.J.; Petty, N.K.; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics 2011, 27, 1009–1010. [CrossRef]
48. Kaas, R.S.; Leekitcharoenphon, P.; Aarestrup, F.M.; Lund, O. Solving the problem of comparing whole bacterial genomes across

different sequencing platforms. PLoS ONE 2014, 9, e104984. [CrossRef]
49. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38,

3022–3027. [CrossRef]
50. Letunic, I.; Bork, P. Interactive Tree of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucl. Acids Res.

2021, 49, W293–W296. [CrossRef] [PubMed]

http://doi.org/10.1093/bioinformatics/btx462
http://doi.org/10.1093/nar/gkz943
http://doi.org/10.1093/bioinformatics/btu153
http://doi.org/10.1093/jac/dkaa345
http://doi.org/10.1186/1471-2105-10-421
http://doi.org/10.1093/jac/dkx217
http://doi.org/10.1093/nar/gkz268
http://www.ncbi.nlm.nih.gov/pubmed/30976793
http://doi.org/10.1093/nar/gkv1227
http://www.ncbi.nlm.nih.gov/pubmed/26578582
http://doi.org/10.1093/bioinformatics/btr703
http://doi.org/10.1371/journal.pone.0011147
http://www.ncbi.nlm.nih.gov/pubmed/20593022
http://doi.org/10.1093/bioinformatics/btr039
http://doi.org/10.1371/journal.pone.0104984
http://doi.org/10.1093/molbev/msab120
http://doi.org/10.1093/nar/gkab301
http://www.ncbi.nlm.nih.gov/pubmed/33885785



