Hu et al. Annals of Clinical Microbiology and Antimicrobials (2024) 23:12 Annals of Clinical MinObiO'Ogy
https://doi.org/10.1186/512941-023-00656-1 .. .
and Antimicrobials

Check for
updates

Antimicrobial resistance survey and whole-
genome analysis of nosocomial P. Aeruginosa
isolated from eastern Province of China

in 2016-2021

Zimeng Hu'", Lu Zhou®*", Xingyu Tao', Pei Li', Xiangkuan Zheng', Wei Zhang® and Zhongming Tan**"

Abstract

Background Pseudomonas aeruginosa is a major Gram-negative pathogen that can exacerbate lung infections in the
patients with cystic fibrosis, which can ultimately lead to death.

Methods From 2016 to 2021, 103 strains of P aeruginosa were isolated from hospitals and 20 antibiotics were used
for antimicrobial susceptibility determination. Using next-generation genome sequencing technology, these strains
were sequenced and analyzed in terms of serotypes, ST types, and resistance genes for epidemiological investigation.

Results The age distribution of patients ranged from 10 days to 94 years with a median age of 69 years old. The
strains were mainly isolated from sputum (72 strains, 69.9%) and blood (14 strains, 13.6%). The size of these genomes
ranged from 6.2 Mb to 7.4 Mb, with a mean value of 6.5 Mb. In addition to eight antibiotics that show inherent
resistance to R aeruginosa, the sensitivity rates for colistin, amikacin, gentamicin, ceftazidime, piperacillin, piperacillin-
tazobactam, ciprofloxacin, meropenem, aztreonam, imipenem, cefepime and levofloxacin were 100%, 95.15%,
86.41%, 72.82%, 71.84%, 69.90%, 55.34%, 52.43%, 50.49%, 50.49%, 49.51% and 47.57% respectively, and the carriage
rate of MDR strains was 30.69% (31/101). Whole-genome analysis showed that a total of 50 ST types were identified,
with ST244 (5/103) and ST1076 (4/103) having a more pronounced distribution advantage. Serotype predictions
showed that 06 accounted for 29.13% (30/103), O11 for 23.30% (24/103), O2 for 18.45% (19/103), and O1 for 11.65%
(12/103) of the highest proportions. Notably, we found a significantly higher proportion of ExoU in R aeruginosa
strains of serotype O11 than in other cytotoxic exoenzyme positive strains. In addition to this, a total of 47 crpP genes
that mediate resistance to fluoroquinolones antibiotics were found distributed on 43 P. geruginosa strains, and 10 new
variants of CrpP were identified, named 1.33, 1.34, 1.35, 1.36,1.37,1.38, 1.39, 1.40, 141 and 7.1.

Conclusions We investigated the antibiotic susceptibility of clinical isolates of P. aeruginosa and genomically
enriched the diversity of P aeruginosa for its prophylactic and therapeutic value.
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Introduction
Pseudomonas aeruginosa is a Gram-negative, opportunis-
tic human pathogen that is considered one of the major
pathogens associated with hospital-acquired infections,
infecting cystic fibrosis lungs and promoting an accel-
erated decline in lung function [1]. The threat of mor-
bidity and mortality from hospital-acquired infections
caused by multidrug-resistant (MDR) or extensively-drug
resistant (XDR) strains of P aeruginosa has increased
significantly [2]. Meanwhile, the complex genome of P
aeruginosa also confers resistance to antibiotics, usually
exhibits a high degree of intrinsic resistance to -lactams,
fluoroquinolones, and aminoglycoside antibiotics [3].

The use of genomics to analyze ST types, serotypes,
resistance genes and virulence genes of P aeruginosa is
a very effective method for the prevention and control
of P. aeruginosa epidemics. Currently, a number of high-
risk clonal strains (e.g. ST111, ST175, ST235) with strong
global transmissibility, usually MDR/XDR strains, and a
defined ability to spread and cause serious infections [2,
4]. Several studies have shown that isolates belonging
to serotypes O1, O6, O11 and O12 accounted for more
than 65% of P. aeruginosa infections [5, 6]; serotypes O4
and O12 isolates are usually associated with resistance to
various antibiotics [7, 8]; serotypes O5, O6 and O11 are
commonly found in burn wound infections [9]; serotype
O11 has also been reported to be strongly associated in
MDR-positive strains with ExoU-positive strains [10, 11].

The genome size of P aeruginosa typically ranges
from 5.5 Mb to 7 Mb, and its large genome also confers
the ability to survive in a wide range of environments
[3]. The P aeruginosa pan-genome consists of a “core
genome” and a “dispensable genome’, and a core genome
containing genes present in all strains, and “dispensable
genome”: a composition of genes unique to each strain
[12]. Dispensable genomes typically consist of horizon-
tally transferable elements, which include integrative
and conjugative elements (ICEs), genomic islands (Gls),
prophages, transposons, insertion sequences (ISs), and
integrons [3]. CrpP, an enzyme capable of phosphorylat-
ing ciprofloxacin, was described in 2018 as encoded in
plasmid pUM505 from P aeruginosa; cloning into J53
increased the MIC to ciprofloxacin from 0.008 mg/L
to 0.06 mg/L. Since then, crpP-like genes have been
reported in E. coli, K. pneumoniae and P. aeruginosa [13—
19]. Although there is controversy as to whether CrpP
can be investigated against fluoroquinolone antibiotics, it
is still important to carry out investigations of its related
variants.

In this research, we studied 103 strains of P. aeruginosa
isolated from Jiangsu Province from 2016 to 2021 for

resistance phenotypes, antimicrobial resistance genes,
pan-genome analyse, ST types, serotypes, investigate the
association between cytotoxic exoenzyme and serotypes,
and emphasize the diversity of CrpP protein and inte-
gration and conjugation elements (ICE) carrying CrpP
protein, which will benefit our understanding of P. aeru-
ginosa transmission.

Materials and methods

Bacterial strains, media, and culture conditions

In 2016-2021, 103 strains of P. aeruginosa were isolated
from patients in various hospitals in Jiangsu Province,
China. P aeruginosa was grown in Luria-Bertani (LB)
medium at 37 °C. ATCC27853 was used as the control
strain for the drug sensitivity test.

Antimicrobial susceptibility of P. Aeruginosa isolates

20 antibiotics were selected including amikacin, amox-
icillin-clavulanate, — ampicillin, ampicillin-sulbactam,
aztreonam, cefazolin, cefepime, cefotaxime, ceftazidime,
chloramphenicol, ciprofloxacin, gentamicin, imipenem,
levofloxacin, meropenem, moxifloxacin, piperacillin,
piperacillin-tazobactam, tetracycline, trimethoprim-sul-
famethoxazole were tested by the agar dilution method.
Results were determined according to the Clinical and
Laboratory Standards Institute (CLSI, 2019) guidelines,
in addition to eight of P aeruginosa to antibiotics for
which they carry an inherent resistance mechanism.

Whole genome sequencing and analysis

103 strains of P aeruginosa were sequenced in draft
genome by Illumina NovaSeq PE150. CLC Genom-
ics WorkBench software version 22.0 was used for the
sequence assembly. Some strains carrying crpP-like
genes are selected to use Oxford Nanopore Technology
for third -generation sequencing. The bacterial genome
was annotated by Prokka (v1.14.6)(https://github.com/
tseemann/prokka) [20]. ABRicate (https://github.com/
tseemann/abricate) was used for the prediction of anti-
microbial resistance genes and virluence genes. Trans-
poson analysis was predicted on the ICEfinder (https://
bioinfo-mml.sjtu.edu.cn/ICEfinder/index.php)  website,
oriTfinder (https://tool-mml.sjtu.edu.cn/oriTfinder/
oriTfinder.html) [21] were used to predict oriT and relax-
ase on transposon, and transposon gene clusters were
mapped at GBKviz (https://moshi4-gbkviz-srcgbkvizg-
bkviz-webapp-vaurf6.streamlit.app/) and Inkscape. The
evolutionary tree of CrpP amino acids was performed
using MEGA X, with bootstrap set to 1000. Amino acid
alignment of CrpP amino acids sequences was performed
using Jalview [22]. MLST (multilocus sequence typing)
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(https://github.com/tseemann/mlst) was used to predict
the ST type of P aeruginosa isolates [23]. Phyloviz was
used to perform the minimum spanning tree [24]. Pasty
(https://github.com/rpetit3/pasty) was used for serotype
prediction of P. aeruginosa [25, 26]. Pan-genomic analy-
sis of the gff files generated from Prokka annotations was
performed using Roary (https://github.com/ggh2020/
Roary) [27]. The newick generated by the Roary anno-
tation was used to generate the evolutionary tree at the
chiplot (https://www.chiplot.online/) website. The size
of the genome was statistically processed using seqkit
(https://github.com/shenwei356/seqkit) [28]. Genetic
distances between genomes were calculated by mash
(https://github.com/marbl/Mash) [29].

Results

Bacterial source

Of the 103 P. aeruginosa strains isolated, the distribution
of patient age ranged from 10 days to 94 years, with a
median age of 69 years old. The isolates were mainly iso-
lated from sputum (n=72, 69.9%), blood (n=14, 13.6%).
Table 1 shows the distribution of the sources of the iso-
lates and Attachment 1 provides all information on the
isolates.

Results of bacterial antibiotic sensitivity tests

P aeruginosa strains were most resistant to amoxi-
cillin-clavulanate,  ampicillin,  ampicillin-sulbactam,
cefazolin, cefotaxime, chloramphenicol, tetracycline,
trimethoprim-sulfamethoxazole, all with a resistance rate
of 100%. The sensitivity rates for colistin, amikacin, gen-
tamicin, ceftazidime, piperacillin, piperacillin-tazobac-
tam, ciprofloxacin, meropenem, aztreonam, imipenem,

Table 1 Distribution of sources of isolated strains

Samples Number Site of separation

Sputum 72

Blood 14

Sanies 5 Isolated from patients presenting with
fractures, left-sided nasal polyps, soft tissue
infections, broken ear sores, and symp-
toms of respiratory distress without identi-
fying the specific site of pus secretion

Secreta 3 Isolated from patients presenting with
symptoms of finger injury, embolism
and thrombosis, and compound trauma
without identifying the specific site of pus
secretion

Urine 3 urine

Bile 1

Drainage 1

liquid

Faeces 1 Separated from patients presenting with
diarrhea

Pleural 1

effusion
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cefepime and levofloxacin were 100%, 95.15%, 86.41%,
72.82%, 71.84%, 69.90%, 55.34%, 52.43%, 50.49%, 50.49%,
49.51% and 47.57% respectively (Fig. 1). The data from
the antimicrobial sensitivity tests are listed in Attach-
ment 2.

Antimicrobial resistance genes, ST types, and serotypes

A total of 61 resistance genes were identified in 103
P aeruginosa strains. The top five resistance genes
were aph(3’)-IIb (103, 103/103), fosA (103, 103/103),
catB7 (102, 102/103), blappc_z4 (77, 77/103), and crpP
(47,47/103) (Fig. 2).

The results of ST type analysis showed that ST244
(5/103) was found in four separate years, except for the
ST type which could not be identified. A total of 50 ST
types were identified, and overall these 103 clinical P
aeruginosa isolates had a wide distribution of ST types.
Minimum spanning tree plotting using phyloviz (Fig. 3).

Carrying of extracellular enzymes in P. Aeruginosa

The ExoT, ExoY, ExoS and ExoU proteins of the type III
secretion system were the focus of attention in this arti-
cle. The proportion of ExoU in 103 P aeruginosa was
24.27% (25/103), ExoS 76.70% (79/103), ExoY 96.17%
(99/103), and ExoT 100% (103/103) (Fig. 4A). Of the 34
ExoU-positive P aeruginosa strains, the percentage of
serotype O11 was 50% (17/34), O6 was 32.35% (11/34),
O4 was 11.76 (4/34); meanwhile, among the ExoS-posi-
tive 79 P aeruginosa strains, the percentage of serotype
06 was 36.71% (29/79), O6 was 24.05% (19/79) and O1
was 12.66% (10/79) (Fig. 4B).

Pan-genome analysis

The main reference strain for genetic and functional stud-
ies of P aeruginosa, PAO1 (ACCESSION: NC_002516),
the “Liverpool endemic strain” P aeruginosa LESB58
(NC_011770), which was found to be highly transmis-
sible in cystic fibrosis patients, the ExoU-positive strain
PA14 (NC_008463), the Argentine clinical isolate PA7
(NC_009656), which was reported to have an unusual
antibiotic resistance pattern, were selected as reference
strains with different characteristics for clustering analy-
sis with the isolates (Fig. 5) [30].

The sizes of these genomes ranged from 6,195,834 bp
to 7,353,881 bp, with a mean value of 6,521,728 bp, and a
total of seven sequences larger than 7 Mb. A core genome
alignment was generated with Roary, the total number of
genes in the 103 P, aeruginosa is 18,913. 4,962 core genes
(26.24% of all isolates), soft core genes (1.18% of all iso-
lates) comprising 224 genes, 1,169 shell genes (6.18% of
all isolates) and 12,558 cloud genes (66.40% of all isolates)
were identified (Fig. 6).

A mash distance of 0 means that the genomes of the
bacteria are identical, a mash distance of 1 means that


https://github.com/tseemann/mlst
https://github.com/rpetit3/pasty
https://github.com/ggh2020/Roary
https://github.com/ggh2020/Roary
https://www.chiplot.online/
https://github.com/shenwei356/seqkit
https://github.com/marbl/Mash

Hu et al. Annals of Clinical Microbiology and Antimicrobials (2024) 23:12 Page 4 of 11

. Resistant

. Intermediate

. Sensitive

o

<3

S

100+
9 !
80|
70+
60

50
40
30

204

Fig. 1 A: Results of the antimicrobial sensitivity test for P aeruginosa strains, the x-axis is the type of antibiotic and the y-axis is the number of resistant
strains of bacteria; B: Evolutionary tree of P aeruginosa strains with solid filled colors as a result of drug resistant phenotypes, a total of 8 major antibiotic
classes, including 12 antibiotics, were involved in the analysis, the evolutionary tree in the center of the circle graph was generated from the roary gener-

ated accessory_binary_genesfa.newick file

the genomes of the k-mers are not shared, and a mash
distance less than or equal to 0.5 is approximately equal
to 95% average nucleotide identity (ANI) and 70% DNA-
DNA hybridization (Fig. 7).

Classification, number and amino acid sequence of
variants of CrpP

A total of 47 crpP genes, in 43 P. aeruginosa strains, were
predicted after abricate prediction analysis. Reference
to the classification according to Zhichen Zhu [31]. In
total, 17 CrpP variants were identified, including nine
new variants of 1.1, named 1.33, 1.34, 1.35, 1.36, 1.37,
1.38, 1.39, 1.40, 1.41, and one CrpP variant with a higher
degree of variation, named 7.1.

With the exception of CrpP1.1, the amino acid ranked
seventh is the one with the highest frequency of vari-
ants, with (7/47) mutating to H and (39/47) amino acids
mutating to D. The second most frequent mutation is
in the fourth position, K, mutated to R, in this 24 CrpP
amino acid sequence. Compared to CrpP1.1, CrpP7.1 has
a mutation in the first five amino acids, which is where it
differs most from other CrpP1.1 amino acids (Fig. 8).

Comparison of transposon gene clusters carrying novel
variants of CrpP

PA201607, PA201613, PA201614, PA201616, PA201727,
PA202110, PA201819, PA201703, PA201820 carry trans-
posons Tn7578-Tn7586 respectively. Among the 9 vari-
ants mentioned above, Tn7586 (PA201820) has a total

length of 349 kb and differs greatly from the other trans-
posons. In addition to carrying the crpP gene, it also
carries the tet(A), msr(E), mph(E), qnrVC6, aac(6’)-lia,
catBl11, dfrAl, and sull genes. Tn7585 carries variant 7.1
with a nucleotide length of 179 kb, second in length only
to Tn7586 (Fig. 9).

Genome accession numbers and transposon numbers
BioProject ID number submitted on NCBI is
PRJNA945332. The sequences carrying the newly iden-
tified CrpP variant transposons in this study were reg-
istered on the transposon registry (https://transposon.
Istmed.ac.uk/), generating the accession numbers Tn7578
- Tn7586 [34].

Discussion
In this study, 101 human-derived P aeruginosa strains
isolated from Jiangsu Province, China, were subjected to
bacterial antimicrobial resistance studies and 103 P. aeru-
ginosa strains were subjected to whole-genome analysis
including ST types, serotypes and resistance genes, etc.
In this study, MICs were determined for a total of 12
antibiotics from the six major classes of antibiotics rec-
ommended for use by CLSI, including aminoglycosides,
beta-lactams, monocyclic lactams, cephalosporins, fluo-
roquinolones, and carbapenems. The sensitivity rates for
colistin, amikacin, gentamicin, ceftazidime, piperacil-
lin, piperacillin-tazobactam, ciprofloxacin, meropenem,
aztreonam, imipenem, cefepime and levofloxacin were
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Fig. 2 Presence and absence of antimicrobial resistance genes. The horizontal axis is the name of the resistance gene and the vertical axis is the name of
the strain; present is labeled as dark orange and absent is labeled as light orange

100%, 95.15%, 86.41%, 72.82%, 71.84%, 69.90%, 55.34%,
52.43%, 50.49%, 50.49%, 49.51% and 47.57% respectively.
Meanwhile, a total of 31 strains were MDR strains, and
the carriage rate of MDR strains was 30.69% (31/101).
A research conducted by European Centre for Disease
Prevention and Control in 2015 showed that 13.7% of P
aeruginosa were resistant to at least three major classes
of antibiotics. Our study showed that the P aeruginosa
strains isolated from Jiangsu Province had a higher MDR
occurrence rate than those from European countries.
Besides, P aeruginosa that carry inherent mechanisms
of resistance to antibiotic have also been monitored, the
results showed that P aeruginosa exhibited high lev-
els of resistance to eight antibiotics include ampicillin,

ampicillin-sulbactam, cefazolin, ceftazidime, chloram-
phenicol, moxifloxacin, tetracycline, and trimethoprim-
methoxybenzazole .

The analysis of ST research shows that with the excep-
tion of the unidentifiable ST type, ST244 (5/103) was
found in all four years respectively, and the next most
frequent ST type was ST1076 (4/103). Overall, these 103
clinical P aeruginosa isolates had a wide variety of ST
types, with a total of 50 ST types identified. High-risk ST
clones are usually associated with virulence, transmis-
sion, and MDR/XDR of bacteria. Several investigations
have shown that P aeruginosa strain ST244 is associ-
ated with blagpg, blayy blagpe, blayy, [4]. Meanwhile,
serotyping of the P aeruginosa strains in the present
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study showed that serotypes included O6, O11, O2 and
O1, accounting for 29.13% (30/103), 23.30% (24/103),
18.45% (19/103) and 11.65% (12/103) respectively, these
four serotypes together account for more than 80% of
the total. Between 2005 and 2017, the most prevalent
serotypes of P. aeruginosa found in 413 patients from 10
countries on four continents were O11 (2=89; 22%), O1
(n=58; 14%) and O6 (n1=53; 13%) [32]. A survey of 1,445
P aeruginosa strains conducted in Spain in 2017 found
that the most common serotypes were O6 (17.8%), O1
(15.4%) and O11 (13.3%) [8]. Overall, our study showed
that the predominant serotypes of P aeruginosa isolates

from hospitals in Jiangsu Province, China, were not sig-
nificantly different from the predominant serotypes
reported in various other countries.

For the analysis of virulence genes, the cytotoxic exo-
enzyme was chosen to focus on. Among the cytotoxic
exoenzyme, ExoU has been reported to significantly
enhance the virulence of P aeruginosa [33]. Among the
various phenotypes of P. aeruginosa isolates, clinical iso-
lates of serotype O11 were found to secrete ExoU, more
frequently than other serotypes and serotype O11 was
associated with increased lung injury in a mouse model
of pneumonia [34]. It is note worthy that our study shows
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the O11 serotype accounts for 50% of the ExoU positive
strains, which is significantly higher than the percentage
of ExoS, ExoY and ExoT positive P aeruginosa strains.
Most P. aeruginosa strains secrete either ExoS or ExoU,
but not both. It is rare for a single strain of bacteria to
carry both ExoU and ExoS [35]. In our collection of 103
human-derived P. aeruginosa strains, only one strain was
present with both ExoU and ExoS.

In the analysis of antimicrobial resistance gene, aph(3’)-
IIb (103, 103/103), fosA (103, 103/103), and catB7 (102,
102/103), which mediated resistance to aminoglyco-
sides, fosfomycin, and chloramphenicol, respectively, and
were found most frequently. Carbapenem antibiotics are
commonly used for the treatment of MDR P. aeruginosa
infections, and carbapenemase-producing resistance
genes such as blagpg_;, blages_ 14 and blayp,_, are also
predicted in the monitoring of resistance genes. Besides,
quinolones are considered to be common agents in the
treatment of P. aeruginosa infections. Among the PMQR
genes that mediate resistance to quinolones, gnrBS52
(PA201944), and gnrVC6 (PA201820), were also pre-
dicted to present resistance to ciprofloxacin as resistant
and mediated, respectively.

Another gene of interest, crpP remains controversial
as it is presumed to be transferable and resistant to cip-
rofloxacin. In the analysis of resistance genes, crpP was
found to have many nucleotide mutations, and then its
amino acid mutant variants continued to be investigated
and classified based on the article published by Zhichen
Zhu [31]. Nine new derivative variants of CrpP1.1 were
identified, named 1.33, 1.34, 1.35, 1.36, 1.37, 1.38, 1.39,

1.40, 1.41 and one variant of CrpP with a higher degree
of variability, named 7.1. In addition to this, transposons
encoding both CrpP were identified in four strains of P
aeruginosa. 47/103 CrpP variants were identified in this
study, representing 45.63%. The top five CrpP in terms of
number are CrpP1.18 (10/47), CrpP1.2 (9/47), CrpP1.31
(4/47), CrpP1.17 (3/47), CrpP1.34 (3/47). In a separate
survey of CrpP variants of P. aeruginosa, strains were iso-
lated mainly from patients in eastern China, and a total
of 117 CrpP variants were found in 200 P aeruginosa
strains, representing a total of 58.5% [31].

With the exception of CrpP1.1, the amino acid in the
seventh position is the amino acid that appears most
frequently as a variant, with (7/47) mutating to H and
(39/47) amino acids mutating to D. The second most
frequent mutation is in the fourth position, K, which
mutates to R and occurs in 24 CrpP amino acids. Com-
pared to CrpP1.1, CrpP7.1 has a mutation in the first five
amino acids, which is where it differs most from CrpP1.1.
The CrpP protein has 66 amino acids and is more con-
served in the N-terminal region, with only amino acids
1.20 and 1.40 mutated to K at position 62, presumably
with residues important to its function in the N-termi-
nal region. Meanwhile, only 10 of the 47 strains carrying
the CrpP variant were resistant to ciprofloxacin, car-
rying variants classified as CrpP1.2, CrpP1.4, CrpP1.8,
CrpP1.18, CrpP1.31, CrpP1.36, CrpP1.39. The effect of
mutations at different positions of the CrpP amino acid
on quinolones is still worth exploring.

In this research, we monitored P. aeruginosa for ST type
and serotype, as well as antimicrobial resistance genes
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and virulence genes, which increased our knowledge of
strains with highly combined competence (highly patho-
genicity, strong antimicrobial resistance, high-risk ST
type, and serotypes with highly antimicrobial resistance/
virulence), and were used to predict the epidemiological
trend of P aeruginosa. At the same time, we conducted
antibiotic susceptibility testing of bacteria, which is of
guiding value for clinical medication. In summary, we

can accurately characterize them in many ways in order
to develop global strategies to combat them.

Conclusions

In this study, 103 strains of P. aeruginosa isolated from
China between 2016 and 2021, were studied for drug
resistance, resistance genes, prevalent serotypes, ST
types and pan-genome analysis with a focus on the
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transferability of CrpP-carrying variants and the struc-
ture of their variants, enriching the epidemiological data
on clinical P. aeruginosa.



Hu et al. Annals of Clinical Microbiology and Antimicrobials (2024) 23:12 Page 10 of 11

¥
5

L
w
@)

Pz 3
PAD 701 33108
PAZDT 11! 20168

i
ST

H
i
L

e /—mw 152128%)

G A R S,
e
pmeeny ISR ey
: e ———— - ‘
CEE T iz
i i WaEh R S o
.
26% S cppl 17
— s i e = it
e B T e . 5 ie
5 R R R e
R S e i
:
X o ’_/ cppl 35
: :
L i
Phz0194s cpet. 31 M6 w.»—/ e

Fig.8 A:Those marked inred are newly discovered variants in this study, and evolutionary trees were drawn using the Maximum Likelihood Tree method
of MEGA X, with bootstrap set to 1000; B: Jalview was used to compare the 47 CrpP amino acids, that marked in the red box is CrpP1.1; C: The top five CrpP
in terms of number are CrpP1.18 (10/47), CrpP1.2 (9/47), CrpP1.31 (4/47), CrpP1.17 (3/47), CrpP1.34 (3/47). In addition to this, we identified transposons
encoding both CrpP in four P aeruginosa strains. The amino acid sequences of the CrpP variants newly identified are listed in Attachment 3

L. P .
To7s7e [P WM»»ML Mlmww-w»m ) i) DY)

[RLECUK

lm‘ vy i
mm }1}}“‘.}“}!![.1‘;...4..‘“} s

“vw m s,g
7580 mnuuum}( DO D = Db PO

I .M..iM}.."n ‘““'"‘ PAIHBS 51 ) Iy 1P BT —Dh b

§ (W { 1 _JAW

o Dol o lﬂn“ n»» )

Tn7582 LT LT T T 1 ! T \‘« |

S ﬁ)}m_ T ,m}mx‘xm. Sl B B
|

7777 A o

i LYEPRP £ b s T JONEDESI OB s 1)
- .

t L {w <! §
A P .

P— ’C‘ ﬁﬂnﬂ}}fdﬂmm [}‘E}}ml}l}l}}m IDH | DD M
! |
L

= (X
TR Y T e A W1 ) D ) DL S T ITIETE))
WA (Wi , T © W { TH (R WK T 1 L T @ R

Fig. 9 The gbk file was used for comparison and the comparison option was multiple nucleic acid to nucleic acid. the gene annotated by prokka was
selected as the label to be marked out; CrpP variants are shown in pink. With the exception of the longest Tn7586, Tn7578-Tn7585 are 101 kb-179 kb in
length

Funding
Supplementary Information This work was supported by grants from the Sanya Institute of Nanjing
The online version contains supplementary material available at https://doi. Agricultural University (NAUSY-MS12) and Hainan Province Science and
0rg/10.1186/512941-023-00656-1. Technology Special Fund (ZDYF2022XDNY236).

Data Availability

The data sets supporting the results of this article are included within the
Supplementary Material 2: Statistics of antibiotic susceptibility test article and its additional files.

results for the strains in this article

Supplementary Material 1: Bacterial information in this article

Supplementary Material 3: CRPP variant statistics and ST-type statistics Declarations

Ethical approval and consent to participate
Acknowledgements Not Applicable.
Not Applicable.

Consent for publication
Author contribution Everyone agrees to publish this article.
Zimeng Hu designed the experiments and wrote the article, Lu Zhou was
responsible for the antimicrobial test, Xinyu Tao participated in the isolation of Competing interests

the bacteria, Pei Li and Xiangkuan Zheng were responsible for the analysis of The authors declare no competing interests.
the genomic data, and Wei Zhang and Zhongming Tan were responsible for
revising the article. Author details

'College of Veterinary Medicine, Nanjing Agricultural University, No.1
Weigang, Xuanwu District, Nanjing City, Jiangsu Province
210095, People’s Republic of China


https://doi.org/10.1186/s12941-023-00656-1
https://doi.org/10.1186/s12941-023-00656-1

Hu et al. Annals of Clinical Microbiology and Antimicrobials

2Key Lab of Animal Bacteriology, Ministry of Agriculture, Nanjing

210095, China

3Sanya Institute of Nanjing Agricultural University, Sanya 572024, China
4Depar‘[ment of Acute Infectious Disease Prevention and Control, Jiangsu
Provincial Center for Disease Prevention and Control, Nanjing

210009, China

°NHC Key Laboratory of Enteric Pathogenic Microbiology, Jiangsu
Provincial Center for Disease Control and Prevention, Nanjing

210009, China

Received: 31 July 2023 / Accepted: 29 November 2023
Published online: 09 February 2024

References

1. Malhotra S, Hayes D Jr, Wozniak DJ. Cystic fibrosis and Pseudomonas aerugi-
nosa: the host-microbe interface. Clin Microbiol Rev, 2019. 32(3).

2. Horcajada JP et al. Epidemiology and treatment of Multidrug-resistant and
extensively drug-resistant Pseudomonas aeruginosa Infections. Clin Microbiol
Rev, 2019.32(4).

3. Kung VL, Ozer EA, Hauser AR. The accessory genome of Pseudomonas aerugi-
nosa. Microbiol Mol Biol Rev. 2010;74(4):621-41.

4. Del Barrio-Tofino E, Lopez-Causape C, Oliver A. Pseudomonas aeruginosa
epidemic high-risk clones and their association with horizontally-acquired
beta-lactamases: 2020 update. Int J Antimicrob Agents. 2020,56(6):106196.

5. Pirnay JP, et al. Pseudomonas aeruginosa population structure revisited. PLoS
ONE. 2009;4(11):e7740.

6.  BertF, Lambert-Zechovsky N. Comparative distribution of resistance patterns
and serotypes in Pseudomonas aeruginosa isolates from intensive care units
and other wards. J Antimicrob Chemother. 1996;37(4):809-13.

7. Thrane SW, et al. The widespread Multidrug-Resistant Serotype 012
Pseudomonas aeruginosa clone emerged through Concomitant Horizontal
Transfer of Serotype Antigen and Antibiotic Resistance Gene clusters. mBio.
2015;6(5):e01396-15.

8. DelBarrio-Tofino E, et al. Association between Pseudomonas aeruginosa
O-antigen serotypes, resistance profiles and high-risk clones: results from a
Spanish nationwide survey. J Antimicrob Chemother. 2019;74(11):3217-20.

9. Estahbanati HK, Kashani PP, Ghanaatpisheh F. Frequency of Pseudomonas
aeruginosa serotypes in burn wound Infections and their resistance to antibi-
otics. Burns. 2002;28(4):340-8.

10. Faure K, et al. O-antigen serotypes and type Il secretory toxins in clinical
isolates of Pseudomonas aeruginosa. J Clin Microbiol. 2003;41(5):2158-60.

11, Recio R et al. Predictors of Mortality in Bloodstream Infections caused by
Pseudomonas aeruginosa and Impact of Antimicrobial Resistance and bacterial
virulence. Antimicrob Agents Chemother, 2020. 64(2).

12. Palmer GC, Whiteley M. Metabolism and pathogenicity of Pseudomonas aeru-
ginosa Infections in the lungs of individuals with cystic fibrosis. Microbiol Spectr,
2015.3(4).

13. Chavez-Jacobo VM, et al. Prevalence of the crpP gene conferring decreased
ciprofloxacin susceptibility in enterobacterial clinical isolates from Mexican
hospitals. J Antimicrob Chemother. 2019;74(5):1253-9.

14. XuY, et al. The prevalence and functional characteristics of CrpP-like in
Pseudomonas aeruginosa isolates from China. Eur J Clin Microbiol Infect Dis.
2021;40(12):2651-6.

15.  Botelho J, Grosso F, Peixe L. ICEs are the Main reservoirs of the ciprofloxacin-
modifying crpP gene in Pseudomonas aeruginosa. Genes (Basel), 2020. 11(8).

(2024) 23:12

Page 11 of 11

16.  Ruiz J. CrpP, a passenger or a hidden stowaway in the Pseudomonas aerugi-
nosa genome? J Antimicrob Chemother. 2019;74(11):3397-9.

17.  Lopez M et al. Resistance to fluoroquinolones in Pseudomonas aeruginosa from
Human, Animal, Food and Environmental Origin: the role of CrpP and mobiliz-
able ICEs. Antibiot (Basel), 2022. 11(9).

18. Khan M, et al. Acquired fluoroquinolone resistance genes in corneal isolates
of Pseudomonas aeruginosa. Infect Genet Evol. 2020;85:104574.

19. Wang LJ, et al. Emergence of clinical Pseudomonas aeruginosa Isolate
Guangzhou-PaeC79 carrying crpP, bla(GES-5), and bla(KPC-2) in Guangzhou
of China. Microb Drug Resist. 2021,27(7):965-70.

20. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics.
2014;30(14):2068-9.

21, LiX etal oriTfinder: a web-based tool for the identification of origin of trans-
fers in DNA sequences of bacterial mobile genetic elements. Nucleic Acids
Res. 2018,46(W1):W229-34.

22.  Waterhouse AM, et al. Jalview Version 2-a multiple sequence alignment edi-
tor and analysis workbench. Bioinformatics. 2009,25(9):1189-91.

23. Jolley KA, Maiden MC. BIGSdb: scalable analysis of bacterial genome variation
at the population level. BMC Bioinformatics. 2010;11:595.

24, Carrico JA, et al. Fast phylogenetic inference from typing data. Algorithms
Mol Biol. 2018;13:4.

25. Thrane SW, et al. Application of Whole-Genome Sequencing Data for O-Spe-
cific Antigen Analysis and in Silico Serotyping of Pseudomonas aeruginosa
isolates. J Clin Microbiol. 2016;54(7):1782-8.

26.  Camacho C, et al. BLAST+: architecture and applications. BMC Bioinformatics.
2009;10:421.

27. Page AJ, et al. Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics. 2015;31(22):3691-3.

28. ShenW, et al. SeqKit: a cross-platform and Ultrafast Toolkit for FASTA/Q file
manipulation. PLoS ONE. 2016;11(10):e0163962.

29.  Ondov BD, et al. Mash: fast genome and metagenome distance estimation
using MinHash. Genome Biol. 2016;17(1):132.

30. Klockgether J, et al. Pseudomonas aeruginosa genomic structure and diver-
sity. Front Microbiol. 2011;2:150.

31. Zhu Z et al. 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(1):2162-70.

32. Nasrin S, et al. Distribution of serotypes and antibiotic resistance of invasive
Pseudomonas aeruginosa in a multi-country collection. BMC Microbiol.
2022,22(1):13.

33. Hauser AR, et al. Type lIl protein secretion is associated with poor clinical
outcomes in patients with ventilator-associated Pneumonia caused by
Pseudomonas aeruginosa. Crit Care Med. 2002;30(3):521-8.

34, Wong-Beringer A, et al. Comparison of type lll secretion system virulence
among fluoroquinolone-susceptible and -resistant clinical isolates of Pseudo-
monas aeruginosa. Clin Microbiol Infect. 2008;14(4):330-6.

35. Shaver CM, Hauser AR. Relative contributions of Pseudomonas aeru-
ginosa ExoU, ExoS, and ExoT to virulence in the lung. Infect Immun.
2004;72(12):6969-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Antimicrobial resistance survey and whole-genome analysis of nosocomial ﻿P. Aeruginosa﻿ isolated from eastern Province of China in 2016–2021
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bacterial strains, media, and culture conditions
	﻿Antimicrobial susceptibility of ﻿P. Aeruginosa﻿ isolates
	﻿Whole genome sequencing and analysis

	﻿Results
	﻿Bacterial source
	﻿Results of bacterial antibiotic sensitivity tests
	﻿Antimicrobial resistance genes, ST types, and serotypes
	﻿Carrying of extracellular enzymes in ﻿P. Aeruginosa﻿
	﻿Pan-genome analysis
	﻿Classification, number and amino acid sequence of variants of CrpP
	﻿Comparison of transposon gene clusters carrying novel variants of CrpP
	﻿Genome accession numbers and transposon numbers

	﻿Discussion
	﻿Conclusions
	﻿References


