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Pseudomonas aeruginosa can cause infections in the blood, lungs (pneumonia), or other
parts of the body after surgery. To investigate the molecular characteristics of p-lactam
antibiotic resistance of P aeruginosa isolated from a hospital population between 2015
and 2017, in this study, the antimicrobial susceptibility and the resistance gene profile of
the bacteria were determined. The Pulsed-field gel electrophoresis (PFGE) was used to
characterize the clonal relatedness and sequencing and comparative genomic analysis
were performed to analyze the structure of the resistance gene-related sequences. As a
result, of the 260 P. aeruginosa strains analyzed, the resistance rates for 6 p-lactam
antibiotics ranged from 4.6 10 9.6%. A total of 7 genotypes of 44 p-lactamase genes were
identified in 23 isolates (8.9%, 23/260). Four transconjugants from different donors carrying
blacares exhibited a phenotype of reduced susceptibility to piperacillin—tazobactam,
ceftazidime, and cefepime, and 2 transconjugants harboring blaye..s exhibited a phenotype
of reduced susceptibility to carbapenems. blacags positive isolates (n=12) presented six
PFGE patterns, designated groups A to F. Two bla genes (blayp.ss and blagya 1) in PA1609
related to a class 1 integron (intl7-blawp.as-blacxas-aac(6’)-1b7-catB3-qacEAT-sull) were
encoded on a plasmid (pPA1609-475), while the blacars.s gene of PA1616 also related to
a class 1 integron was located on the chromosome. The results suggest that p-lactam
antibiotic resistance and clonal dissemination exist in this hospital population. It indicates
the necessity for molecular surveillance in tracking p-lactamase-producing strains and
emphasizes the need for epidemiological monitoring.

Keywords: Pseudomonas aeruginosa, resistance, antimicrobial susceptibility test, f-lactamase gene, pulsed-field
gel electrophoresis
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INTRODUCTION

The treatment of Pseudomonas aeruginosa (P. aeruginosa)
infection has become a clinical problem because of the emergence
of multidrug-resistant bacteria (Subedi et al., 2018). P. aeruginosa
is prevalent in healthcare settings and is commonly found in
patients under medical care and surviving on biotic and abiotic
surfaces, such as medical equipment (Mohammadpour et al.,
2019). It is largely associated with hospital-acquired infections
including ventilator-associated pneumonia, central line-
associated bloodstream infection, and so on (Philippon et al.,
1986; Barnes et al., 2018).

Pseudomonas aeruginosa is intrinsically resistant to a variety
of antimicrobials, such as fB-lactams (Keith, 2011). One of the
main drug resistance mechanisms is the production of
B-lactamase, an enzyme that hydrolyses p-lactam antibiotics
and leads to their inactivation (Livermore and Woodford, 2006).
There are many classifications of p-lactamases (Bush and Jacoby,
2010). The p-lactamases classified under the Ambler classification
are divided into four classes: Class A ESBLs, Class B MBLs,
Class C AmpC, and Class D (OXA type). Two of them (Class
A and B) are reported as rapidly developing enzymes in clinical
isolates of P. aeruginosa (Al Dawodeyah et al., 2018).

In P. aeruginosa, the overexpression of the naturally occurring
AmpC is associated with a decreased susceptibility or resistance
to expanded spectrum cephalosporins, such as ceftazidime
(Mikhail et al., 2019). Plasmid-mediated AmpC was first identified
in the 1980s in Gram-negative bacteria (Fallah et al, 2013).
However, unlike Enterobacteriaceae, very few reports describe
plasmid-borne AmpC in P. aeruginosa. The sulthydryl reagent
variable (SHV) family of Class A p-lactamases was derived
from the chromosome of Klebsiella spp., but later incorporated
into plasmids (Wolter and Lister, 2013). Variants of SHV have
been isolated from P. aeruginosa. The TEM (Temoneira) type
B-lactamases are functionally similar to SHV and were first
identified in Escherichia coli. Later, many TEM variants were
found in P. aeruginosa with different enzymatic capacities
(Livermore and Woodford, 2006; Bush and Jacoby, 2010).
Carbapenem resistance in clinical isolates of A. baumannii is
mediated by overexpression of either OXA-23 or OXA-51
through insertion of ISAbal in their promoter region (Wong
et al.,, 2019). Several variants of OXA enzymes with extended
spectrum have been identified in P. aeruginosa (Shaikh et al.,
2015). Other extended-spectrum p-lactamases (ESBL) include
PER (penicillins and cephalosporins), GES (penicillins and
extended-spectrum cephalosporins), and KPC (carbapenems).
Metallo-p-lactamases are unique due to the presence of zinc
in their active site. They are plasmid-mediated and highly
transferable; however, chromosomal integration is also common.
The first metallo-p-lactamase (IMP-1) in P. aeruginosa was
detected in Japan and since then the incidence of these agents
has been increasing (Watanabe et al., 1991). Other MGE (mobile
genetic elements)-associated metallo-f-lactamase families include
SPM, VIM, and GIM (Ghamgosha et al., 2015). These also
have been identified in P. aeruginosa and their prevalence
rates are gradually increasing (Queenan and Bush, 2007). Since
mutations in the ESBL genes produce enzymes with different

specificities for substrates or susceptibilities to -lactam inhibitors,
the numbers of variants are growing.

In this study, the molecular resistance mechanisms of B-lactam
antibiotics and the characteristics of the resistance gene-related
sequences of 260 clinical P. aeruginosa isolates were analyzed.

MATERIALS AND METHODS

Bacterial Strains

A total of 260 non-duplicate clinical P. aeruginosa (hereinafter
referred to as PA in strain numbers of P. aeruginosa) were
isolated from an affiliated hospital of Wenzhou Medical University,
Zhejiang, China between 2015 and 2017. The strain was identified
using the Vitek-60 microorganism auto analysis system
(BioMerieux Corporate, Craponne, France). Further verification
was performed using homologous comparisons of the sequences
of 16S rRNA genes.

Antimicrobial Susceptibility Test

Antimicrobial susceptibility test was performed using the agar
dilution method and interpreted according to the Clinical and
Laboratory Standards Institute (CLSI, 2019) guidelines.
P. aeruginosa ATCC 27853 was used as the quality control strain.

DNA Extraction and Sequencing

Each isolate was incubated overnight in 5ml of Luria-Bertani
(LB) broth (Yamamoto et al., 2021) at 37°C for 16h, and the
genomic DNA was extracted using an AxyPrep Bacterial Genomic
DNA Miniprep kit (Axygen Scientific, Union City, CA,
United States). For the mixed genomic DNA sequencing, the
cultured LB broth of all 260 isolates was mixed and the DNA
was extracted. A library with an average insert size of 400bp
was prepared using the NEBNext Ultra II DNA library preparation
kit and subsequently sequenced by the Illumina Novaseq
(paired-end run; 2x150bp with sequencing depth of about
100X). In addition, for the whole-genome sequencing of a
certain bacterium, a 10- to 20-kb insert library was prepared
and sequenced (with sequencing depth of about 200X, coverage
100%) by the Pacific Bioscience RSII sequencer at Annoroad
Gene Technology Co., Ltd. (Beijing, China).

Genome Assembly and Annotation

Genome assembly of the mixed DNA sequencing data was
performed using megahit.! The complete genome of a
P aeruginosa isolate was assembled using Canu’ with long
reads obtained from PacBio sequencing and the error correction
of the tentative complete circular sequence was performed
using Pilon’ with short read sets of the same isolate derived
from Illumina sequencing. Open reading frames (ORFs) of
the mixed DNA sequences were predicted using Prodigal® with

'https://github.com/voutcn/megahit
*https://github.com/marbl/canu
*https://github.com/broadinstitute/pilon
*https://github.com/hyattpd/Prodigal
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TABLE 1 | Primers used in this work.

PCR product

Restriction

Primer Primer sequence (5’ — 3) size (bp) Tm (°C) endonuclease References
IMP-45-F CGGGATCCATGTTTTTGTTTTGTAGCATTACTG 714 60 BamH| Wang et al., 2014
IMP-45-R CCAAGCTTTTAATGTGCAGTGGTACTTTTTTTIG Hindlll

GES-1-F CGGGATCCTTTGTACAGTCTATGCCTCGGG 1,058 60 BamH| Poirel et al., 2000
GES-1-R GCTCTAGACGTCGGCTTGAACGAATTGTTA Xbal

OXA-23-F CGGGATCCCATTGAGATGTGTCATAGTATTCGT 1,002 58 BamH| Sun et al., 2019
OXA-23-R GCTCTAGATAAAAGGCCCATTTATCTCAAATGG Xbal

OXA-1-F CGGGATCCATTGCAATTTTTTCATGAATTGGCC 1,069 58 BamHI Culebras et al., 2010
OXA-1-R CCAAGCTTTGAATACTCCATTTGAACCAGTGGA Hindlll

OXA-50-F CGGGATCCGCCTTCTCTTCTTCAGCGCC 711 60 BamH| Codjoe et al., 2019
OXA-50-R CCAAGCTTGGGCATGTCGATGTTCAGGG Hindlll

TEM-1-F CGGGATCCGACGCTTCATCAGAAGGGCA 1,246 60 BamH| Rodriguez-Martinez et al., 2009
TEM-1-R CCAAGCTTCGCCTGGTAAGCAGAGTTTT Hindlll

CARB-3-F CGGGATCCATGTGTGACAATCAAAATTATGGGG 895 60 BamH| Lachapelle et al., 1991
CARB-3-R CCAAGCTTGCGACTGTGATGTATAAACGTCAAA Hindlll

PDC-7-F GCTCTAGATCGAACCATGTCTGCTCCAA 1,420 58 Xbal Jahan et al., 2020
PDC-7-R CCAAGCTTAGGGTCATGGCTCCATCATA Hindlll

DHA-1-F GCICTAGAGGTAAAACTGAGATGACGGGC 1,422 58 Xbal Lee et al., 2011
DHA-1-R CCAAGCTTCTCATCCTCCATAAAACAGCCC Hindlll

Underlined sequences are restriction endonuclease sites.

default parameters. Using the antibiotic resistance genes of the
CARD? and ResFinder databases® as a query, a BLASTN search
was performed against the assembled sequences of the mixed
DNA with thresholds of >70% nucleotide identity and>80%
alignment coverage. Gene prediction and annotation of the
genome were initially performed with RAST’ and then verified
by BLASTP searches against the UniProtKB/Swiss-Prot® and
RefSeq databases.” Annotation of mobile genetic elements was
carried out using online databases including ISfinder,'
INTEGRALL," and the Tn Number Registry."> Gene organization
diagrams were generated using R script” and modified with
Inkscape 1.0."

Screening of the g-Lactamase Resistance
Determinants

B-lactamase resistance genes including Amber class A (blacgs s,
blages.,, and blargy,), class B (blapp.ys), class C (blapya,, blappcs),
and class D (blaoxs 23, blaoxase blaoxaes) were screened by the
polymerase chain reaction (PCR). The primers were designed
according to the corresponding publications and synthesized
by Shanghai Sunny Biotechnology Co., Ltd. (Shanghai, China;
Table 1). The PCR products were verified by sequencing and
compared with those in the public database by the BLASTN
program.'®

*http://arpcard.mcmaster.ca
Shttps://cge.cbs.dtu.dk/services/ResFinder/
"http://rastnmpdr.org/
*https://www.expasy.org/resources/uniprotkb-swiss-prot
*https://www.ncbi.nlm.nih.gov/refseq/
"https://github.com/thanhleviet/ISfinder-sequences
"http://integrall.bio.ua.pt/
http://transposon.Istmed.ac.uk/
“https://www.r-project.org/
“https://inkscape.org/en/
http://blast.ncbi.nlm.nih.gov/Blast.cgi

Plasmid Conjugation Experiments

The conjugation experiment of biparental mating on the
sterile nitrocellulose filter was performed using the multiple
resistant P. aeruginosa as the donor cell and the rifampin-
resistant Escherichia coli C600 (EC600) as the recipient
(He et al., 2021). The transconjugants were selected on
Mueller-Hinton agar plates containing 600 pg/ml rifampin
and 32 pg/ml ceftazidime or 8 pg/ml meropenem. The target
resistance gene in the transformant was verified by PCR
with primers of the corresponding p-lactamase resistance
genes (Table 1). The PCR product was sequenced and the
sequence was compared with those in the public database
by the BLASTN program (see footnote 15). The plasmid
of the transformant was extracted with an AxyPrep Plasmid
Miniprep Kit (Axygen Scientific, Union City, CA,
United States), and the target resistance gene on the plasmid
was also verified by PCR and PCR product sequencing as
mentioned above.

Pulsed-Field Gel Electrophoresis

Pulsed-field gel electrophoresis was performed after digestion
of DNA samples with 20U of Spe I restriction enzyme
(Takara, Dalian, China). The DNA fragments were separated
using a CHEF-Mapper XA PFGE system (Bio-Rad, Hercules,
California, United States) for 18h at 6 V/cm for 14°C, with
a pulse angle of 120° and pulse duration of 5s to 25s in
1% Seakem Gold agarose with cell suspension buffer (10 ml
1M Tris-HCI, pH 8.0, 20ml 0.5M EDTA, pH 8.0, diluted
to 100 ml with sterilized pure water) and cell lysis buffer
(25ml 1M Tris-HCI, pH 8.0, 50ml 0.5M EDTA, pH 8.0,
50ml 10% Sarcosyl, diluted to 100ml with sterilized pure
water). The restriction patterns were analyzed and interpreted
according to the criteria proposed by Tenover, et al.
(Bannerman et al., 1995).
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Comparative Genomic Analysis of the
p-Lactamase Gene-Related Sequences

For the comparative genomic analysis of the blacarps, blanps,
and blappc; gene-related fragments, sequences containing these
bla genes were obtained from the NCBI nucleotide database
using the blac,gs 5 gene (S46063.1), the blayp,s gene (NG_049209)
or the blappc; gene (NG_04990) as a query by Blastn searching.
The results were retained only if sequences containing a complete
blacars 5 (a total of 13kb with approximately 6kb both upstream
and downstream of the gene), blayp,s (a total of 22kb with
approximately 18kb upstream and 3kb downstream of the
gene) or blappc; (a total of 10kb with approximately 4kb
upstream and 5kb downstream of the gene). Multiple sequence
alignments were performed by MAFFT24'° using each of the
bla gene-related fragments of this work as a reference, and
the sequences were clustered and the sequences flanking the
resistance gene with an identity of >80% was retained. The
sequence sharing the highest similarity to the other sequences
in each cluster was chosen as the candidate for ortholog analysis.
Orthologous groups of the genes from the candidate sequences
were identified using BLASTP and InParanoid.”” The sequence
retrieval, statistical analysis, and other bioinformatics tools used
in this study were applied with Python and Biopython scripts.'®

Data Availability Statement

The nucleotide sequences of the chromosomes and plasmids
of the bacteria of this work have been deposited in GenBank
under accession numbers CP090649 (PA1609), CP090650
(pPA1609-475), CP090651 (pPA1609-47), CP090648 (PA1616),
and CP090647 (PA1681).

RESULTS

Antimicrobial Susceptibility

In this study, the MIC levels of the 12 antibiotics (including
oxacillin, piperacillin-tazobactam, cefuroxime, ceftazidime,
cefepime, aztreonam, imipenem, meropenem, gentamicin,
amikacin, levofloxacin, and polymyxin B) were determined for
260 P. aeruginosa isolates. A small part of the isolates showed
resistance to 6 f-lactams with the resistance rates ranging from
4.6% (piperacillin-tazobactam) to 9.2% (meropenem). They
also showed lower resistance rates for other classes of the
antibiotics, such as gentamicin (5.4%, 14/260), amikacin (5.4%,
14/260), and levofloxacin (9.2%, 24/260), and the lowest rate
of resistance (1.2%, 3/260) for polymyxin B (Table 2).

Distribution of f-Lactamase Genes

Among the bla genes screened, a total of 44 resistance genes
of 7 genotypes from 23 isolates were identified in the 260
P. aeruginosa isolates with blacx, showing the highest positive
rate of 38.6% (17/44). blacars ranged the second (27.3%, 12/44),

"https://mafft.cbrc.jp/alignment/software/
Yhttps://inparanoid.sbc.su.se/
"*https://pypi.python.org/pypi/biopython

and then blaggs., (13.6%, 6/44). The rest 4 (blargy, blapp, blappc,
and blap,) showed lower positive rates of 4.5% (2/44), 4.5%
(2/44), 9.1% (4/44) and 2.3% (1/44), respectively. Among the
23 P-lactamase gene-positive strains, more than a half (52.2%,
12/23) carried 2 resistance genes. Three strains carried 3 resistance
genes each and one contained 4 resistance genes, while the rest
7 harbored one each (Table 3). The p-lactamase gene harboring
isolates showed higher MIC values for the B-lactam antibiotics,
especially for the two carbapenem antibiotics (meropenem and
imipenem). All (23/23) of these isolates showed MIC levels
>8ug/ml for meropenem or imipenem, with 56.5% (13/23) and
60.9% (14/23) showing MIC levels >16pg/ml for cefepime and
ceftazidime, respectively (Table 3). In the p-lactamase gene
negative strains, there were 11 strains demonstrating resistance
to B-lactam antibiotics including 4 strains (1.7%, 4/237) with
MIC levels >16pg/ml for meropenem and/or imipenem.

Resistant Plasmid Transferability and
Resistance Characteristics

In order to identify the transferability of the f-lactamase genes,
we performed conjugation experiments for 5 isolates with high
MIC levels to the B-lactam antibiotics. Plasmid detection revealed
that they carried one or more large plasmids of more than
100kb in size. The conjugative plasmids of five strains (PA1609,
PA1701, PA1740, PA1755, and PA2933) were successfully
transferred to the recipient Escherichia coli C600 (EC600). PCR
amplification of the p-lactamase genes of the plasmids extracted
from the transconjugants revealed that four (PA1701/EC600,
PA1740/EC600, PA1755/EC600, and PA2933/EC600) of them
carried a blacyrgs gene (including one, PA1755/EC600,
co-carrying a bla;yp,s gene) and the other one (PA1609/EC600)
harbored a blayp 45 gene which was further confirmed by the
whole-genome sequencing of the conjugative plasmid of PA1609
(pPA1609-475; Table 4). The 4 transconjugants with blacags.;
exhibited a phenotype of reduced susceptibility to ceftazidime
and cefepime (MIC levels of each transconjugant increased up
to 16 folds compared to the recipients, respectively), and 2
blapp,s positive transconjugants exhibited a phenotype of
reduced susceptibility to carbapenems (MIC levels increased
up to 64 folds compared to the recipient; Table 3).

Clonal Relatedness of the 12 blacags.3
Carrying Pseudomonas aeruginosa Strains
To investigate possible outbreaks of the bacteria carrying the
fB-lactamase genes, we used PFGE to perform molecular typing
for the 12 blac,rs; gene-positive strains. The result showed
that the 12 isolates were typable and grouped into 6 clusters
designated A to F (Figure 1). The dominant cluster A and B
contained 5 and 3 strains, respectively, while the other 4 clusters
contained only one strain each.

General Features of the Pseudomonas
aeruginosa Genomes

To analyze the molecular structure of the P-lactamase gene-
related sequences, the whole-genome sequences of three
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TABLE 2 | Antimicrobial susceptibility of the 260 P. aeruginosa isolates against 12 antimicrobials tested.

Antimicrobial S (%) 1 (%) R (%) MIC50 (pg/ml) MIC90 (ng/ml) Range (ng/ml)
Oxacillin 2048 2048 512>2048
Piperacillin-Tazobactam 93.08 2.31 4.62 0.5 16 0.5-256
Ceftazidime 88.85 3.85 7.31 4 16 0.5-64
Cefepime 71.92 21.54 6.54 8 16 2-64
Cefuroxime 1,024 2048 128>2048
Aztreonam 89.62 3.08 7.31 1 16 0.25-256
Meropenem 51.15 39.62 9.23 2 8 0.0625-64
Imipenem 87.31 3.08 9.62 0.125 8 0.125-64
Polymyxin B 98.85 0 1.15 0.0625 0.25 0.0625-8
Gentamicin 92.69 1.92 5.38 1 2 0.0625->128
Amikacin 85.38 9.23 5.38 32 64 8-256
Levofloxacin 89.62 1.15 9.23 0.25 2 0.25-32

P aeruginosa isolates carrying different p-lactamase genes with
a wider resistance spectrum and higher MIC levels to f-lactam
antibiotics were sequenced. It turned out that the three isolates
PA1609, PA1616, and PA1681 carried four, three, and two bla
genes, respectively. All the three carried one blappc and one
or two blaox, genes and an extra bla genotype was found in
PA1609 (blayp) and PA1616 (blacsgs), respectively. Besides the
B-lactam resistance genes, the three strains also carried several
resistance genes of other classes of antibiotics. More resistance
genes in the PA1609 genome were encoded on the plasmid.
The resistance genes and their locations of the sequenced
isolates are shown in Table 4. PA1609 harbored 2 plasmids
(a 475kb plasmid designated pPA1609-475 with blayp 45, blaoxa.
» aac(6’)-Ib7, and so on, and a 47kb plasmid free of the
resistance gene). PA1616 and PA1681 were free of the plasmid.

Comparative Genomic Analysis of bla\yp_ss,
blacare-3, and blappc_; Related Sequences
Searching the nucleotide sequence data in the NCBI database,
four plasmids with the highest percentage of nucleotide sequence
similarities with pPA1609-475 from two Pseudomonas species,
namely, plasmids of pBM413, pPAG5, pSY153-MDR, and
pA681-IMP were retrieved (Figure 2). The blay,,s encoding
plasmid pPA1609-475 harbored a total of 14 resistance genes
which clustered in two regions with region A of 25kb in
length (position 265-290kb) and region B of 25kb in length
(position 310-335kb). These resistance genes were related to
the mobile genetic elements including two class 1 integrons
and several transposons or insertion sequences. One class 1
integron which contained blayp 45 encoded 6 resistance genes
(265-290kb), and the other one contained 5 resistance genes
(310-335kb; Figures 1, 3).

As mentioned above, the blacags; of P. aeruginosa PA1616
and blapp ; of P. aeruginosa PA1681 were in the chromosomes.
The blacarss gene was related to a class 1 integron. The
comparative genomic analysis of the area of about 65kb in
length with blacygss carrying integron at the center showed
that only two other sequence fragments carrying the integrons
and with the sequence identity 100% and coverage >96% to
that of PA1616 were available in the NCBI nucleotide database.
The sequence of the clone fosmid AMO9 of Achromobacter

xylosoxidans X02736 (JX448550.1) contained the same integron
structure as that of P. aeruginosa PA1616, while the integron
encoded in the sequence of P. aeruginosa strain SE5443
chromosome (CP046405.1) contained a VIM-2 gene inserted
between grol and ant(2”)la (Figures 4, 5).

DISCUSSION

In this study, a total of 7 bla genotypes of all Amber classes
including classes A, B, C, and D genes were identified in 23
of 260 clinical P. aeruginosa isolates, of which blac,zs; was
the most prevalent with 4.6% (12/260) of the isolates carrying
it. The PFGE data indicated that all 12 P. aeruginosa strains
bearing blacarp; in this study were divided into 6 groups.
Except two groups included 5 and 3 strains, respectively, the
other four groups contain only one isolate each. This result
not only demonstrated the distribution of the blac,pz; gene
over the pathogens of different genetic backgrounds but also
the potential epidemic threat of blac,rs s positive P. aeruginosa
isolates over the hospital populations.

In this study, two strains (0.8%, 2/260) carrying blapss
showed higher MIC levels to meropenem and imipenem (both
64pg/ml). As less frequently, but much powerful carbapenem-
hydrolyzing enzyme in P. aeruginosa, IMP45 belongs to the
class B p-lactamase (a metallo-B-lactamase, MBLs). On the
other hand, seven strains carrying blages, showed weak
carbapenem resistance. blagys, was first found in a Klebsiella
pneumoniae strain isolated from a patient hospitalized in French
Guiana (GES stands for Guiana ESBL) in 1998, which has
been identified in Enterobacteriaceae (K. pneumoniae, Enterobacter
cloacae, or Escherichia coli) and P. aeruginosa. The other variant
of the GES has been found to have strong hydrolyzing activities
against the B-lactams including blaggs, blagess, blaces.., and
blages 11, especially blaggss (Liu et al., 2018b; Xu et al., 2018).

Besides 12 isolates with 2 fB-lactamase genotypes, 4 strains
carried three or four different P-lactamase genotypes or
subgenotypes of blacsre, blaoxa, blany, and blappe (all isolates
containing 1 or 2 blaox, genes, 3 with a blacyzs gene, 2 with
a blappc gene, and 1 carrying a blayp.s gene). Until recently,
no similar drug resistance gene combinations, particularly
co-occurrence with blacagp ; were reported. These strains showed
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TABLE 3 | Antimicrobial susceptibility and p-lactam resistance gene distribution of the 23 p-lactamase gene-positive P. aeruginosa isolates.

Isolate CAZ FEP MEM IMP AZT TZP GM LEV PB Resistance gene
PA1609 8 16 64 64 64 128 0.0625 0.5 0.25 blawp.s5 blaoya blaoya-ass blappc s
PA1616 64 64 64 64 64 256 0.125 32 0.25 blacsgss blaoys s blase 1
PA1642 64 64 64 32 64 128 >128 8 0.25 blacars-s blaoyaso blaoxa
PA1646 32 64 64 32 32 64 0.0625 8 0.25 blacagss blaoya-so blaoya-2s
PA1667 32 32 32 32 128 128 0.0625 8 4 blacars-s blaoyaos

PA1669 64 64 16 32 8 128 16 16 0.5 blacars-s blages1

PA1680 4 4 64 32 64 32 0.0625 8 0.5 blaoyaso blaoya oz

PA1681 32 32 64 64 32 128 0.0625 8 0.25 blappc s blaoya-so

PA1700 16 16 32 32 32 32 0.0625 8 0.25 blaoyaso

PA1701 64 32 32 32 16 128 32 32 0.25 blacars-s blaoya2s

PA1707 64 32 32 16 16 128 2 32 8 blacgs s blages.1

PA1740 32 32 32 16 256 64 0.0625 32 8 blacarss blaoya o3

PA1748 4 8 16 16 32 16 0.25 32 0.5 blages-1

PA1755 32 32 64 64 2 128 0.0625 8 0.5 blacags s blap.as

PA2358 2 4 16 32 8 8 0.0625 1 0.25 blages1 blaoyaso

PA2368 2 2 16 16 16 16 2 8 0.5 blages 1

PA2904 32 32 16 16 32 128 32 32 0.5 blacars-s blapua 1

PA2922 4 8 8 16 16 16 0.0625 1 0.5 blages-1

PA2933 64 64 16 8 8 64 0.0625 0.5 0.25 blacars s blarey 1

PA2939 64 16 32 16 16 32 16 16 0.5 blaoxa-so blarey.1

PA2961 32 32 16 8 16 128 0.125 4 0.5 blacsgs s

PA2972 4 8 64 32 32 16 0.0625 32 0.5 blaoxa-so

PA2985 4 4 16 32 16 16 0.0625 2 0.25 blaoyaso

PA1609/EC600 8 8 64 64 4 128 0.0625 0.125 0.125 blawp. 45

PA1701/EC600 32 32 8 8 32 32 0.0625 0.125 0.125 blacars-s

PA1740/EC600 32 32 8 8 32 32 0.0625 0.125 0.125 blacags s

PA1755/EC600 32 32 64 64 2 128 0.0625 0.125 0.125 blacars-s blawp-as
PA2933/EC600 32 32 8 8 32 32 0.0625 0.125 0.125 blacagss

E. coli C600 2 2 1 2 4 8 0.0625 0.125 0.0625

ATCC 27853 2 2 1 1 2 8 0.0625 0.125 0.0625

CAZ, Ceftazidime, FER, Cefepime; MEM, Meropenem; IMF, Imipenem; AZT, Aztreonam,; TZF, Piperacillin-tazobactam,; GM, Gentamicin; LEV, Levofloxacin; PB, Polymyxin B.
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TABLE 4 | Resistance genes and their locations of the sequenced isolates.

Bacterium PA1609 PA1616 PA1681
Resistance genes Chromosome Plasmid Chromosome  Plasmid Chromosome  Plasmid
16S rBNA methyltransferase (G1406) armA
ABC-F ATP-binding cassette ribosomal msrE
protection protein
aminoglycoside modifying enzyme aph(3)-llb aph(3)-lb aph(3)-lb
antibiotic efflux pump ber-1 qacEAT ber-1 ber-1
beta-lactamase blacass
blawp-ss
blaoxa.+
blaoxa.ass
blaoxa-ass
blaoxaso
blapoc s blappc s
blappc.1
Chloramphenicol acetyltransferase catB7 catB7 catB7
fosfomycin thiol transferase fosA fosA fosA
macrolide phosphotransferase mphE
quinolone resistance protein qnrVC1
rifampin ADP-ribosyltransferase arr-2
sulfonamide resistance protein sult sull
trimethoprim resistant dihydrofolate dfrA22
reductase
Clusters  Isolates
A PA2904
A PA1701
A PA1707
A PA1646
A PA1740
1 B PA1616
C PA2933
C PA2961
C PA1700
D PA1669
E PA1642
F PA1667

FIGURE 1 | PFGE patterns of 12 blacars s-pOsitive Pseudomonas aeruginosa.

a wider resistance spectrum and higher resistance levels to
the p-lactam antibiotics tested in this study. Co-occurrence
of p-lactamase genes displays high rates of resistance to broad-
spectrum cephalosporins owing to induced expression of ampC
B-lactamase gene, and an increasing number of organisms
harboring plasmid-encoded extended-spectrum b-lactamase
(ESBL) or/and carbapenemase genes have been described (Jahan
et al,, 2020). Co-occurrence of P-lactamase genes has been
reported worldwide. The most common is the co-occurrence
of two different p-lactamase genes, in particular, the combination
of two different blaOXA variants is very common. Co-occurrence
of three or more p-lactamase genes is very rare. The emergence

of multidrug-resistant K. pneumoniae isolates, which produces
blayi.s blacrxaiss blares.,, blacyy., have been reported from
France (Ktari et al., 2006). Co-occurrence of blaypy.; with
blaoxa s or blagy, s in clinical multidrug-resistant Acinetobacter
baumannii isolates was also found in Algeria (Ramoul
et al., 2016).

The whole-genome sequencing of three isolates (PA1609, PA1616,
and PA1681) demonstrated that most of the resistance genes
were related to the mobile genetic elements and might be located
on the plasmids. The resistance genes of pTL1609-475 (an IncFII-
like plasmid) were mainly clustered in two MDR (multidrug-
resistant) regions, while in the other plasmids with the most
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FIGURE 2 | Complete genome sequence of the pPA1609-475 plasmid and comparative genomic analysis of the pPA1609-475 plasmid sequence with other
homologous sequences. The circles (from innermost to outermost) represent (i) the scale in kb; (i) the cumulative GC skew of pPA1609-475; (iii) the GC content of
pPA1609-475; (iv) four homologous plasmids pA681-IMP (MF344570.1 from Pseudomonas aeruginosa), pPAG5 (CP0450083.1 from P. aeruginosa), pBM413
(CP016215.1 from P. aeruginosa) and pSY153-MDR (KY883660.1 from P. putida), respectively; (v) the annotated coding sequences of pPA1609-475 with selected
genes indicated according to the gene function: antimicrobial resistance genes in red arrows, transposase genes and IS elements in blue arrows.

similarity with that of pTL1609-475, only one MDR region was
identified. The MDR region of PA1609 encoding a class 1 integron
which carried both blayp,s and blagyx,, were similar to those
on the plasmid pBM413 (Liu et al.,, 2018a), pPAGS5, and pSY153.
It has been reported that the IncFII-like plasmid had superiority
to capture blaypss by mobile gene elements, resulting in gradual
acquisition or accumulation of carbapenem resistance in ST847
E. coli (Wang et al, 2020). Compared with pBM413 and other
plasmids with similar MDR regions, MDR of pTL1609-475 had

undergone much more massive insertions of foreign resistance
genetic contents and showed a higher degree of genomic plasticity.

The blappc genes of PA1616 and PA1681 were located in
the chromosomes, of which the one of PA1681 was carried
by a class 1 integron, while the other in PA1616 was related
to a TnAs2 transposon. TnAs2, a derivative of Tn3, was first
identified in Aeromonas salmonicida (Zamora-Lagos et al.,
2015), and then Escherichia coli, which has also been reported
to carry other resistance genes, such as aacA4 and gnrVCé6
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FIGURE 3 | Comparative genomic analysis of the resistance gene regions of pPA1609-475 with other sequences from different bacteria. The homologous gene
clusters among the plasmids pPA1609-475, pBM413 (CP016215.1), pPAG5 (CP045003.1), pSY153-MDR (KY883660.1), and pA681-IMP (MF344570.1) with the
resistance gene clusters in red. pPA1609-475 contained two class 1 integrons with the blaye.4s encoding one carrying 6 resistance genes (int/7-blawp.-ss-blaoxa+-
aac(6’)-Ib7-catB3-qacEA1-sul1), and the other one contained 5 resistance genes (int/1-gnrVC1-aar-2-dfrA22-qacEA1-sul). Annotated coding sequences are
displayed as arrows. Coding sequences are colored based on their assigned gene functions. The genes in blue are those without direct gene names. The grey
shading areas indicate homologous regions (identity >80%). hp., hypothetical protein.
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FIGURE 4 | Comparative genomic analysis of the blaspc s-encoding fragment of PA1681 with other sequences from Pseudomonas aeruginosa strains:
P, aeruginosa LES400 (CP006982.1), P, aeruginosa DK2 (CP003149.1), P aeruginosa SCAID WND2-2019 (CP041786.1), and P, aeruginosa LW (CP022478.1).
Annotated coding sequences are displayed as arrows. The grey shading areas indicate homologous regions (identity >80%). hp., hypothetical protein.
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in addition to blanps in a region derived from a class 1
integron. More interestingly, we identified the complete
structure of IntI1 coupled with TnAs2 transposon in plasmid
genomes rather than only the IntI1-derived ARGs. Our results
indicated the high possibility of horizontal transmission of
ARGs by IntI1 through plasmids. In addition, compared with
SE5443, an ISStma9 element adjacent to blacgs.; was identified
in PA1616, which might indicate the high possibility of
horizontal transmission of ARGs by IntIl from different
DNA molecules.

CONCLUSION

In this work, among the 23 strains that were positive for the
pB-lactamase gene, most carried two or more P-lactam resistance
genes. The blac,gp ; gene is the most common f-lactam resistance
gene in those isolates and some blac,pg ; positive isolates presented
clonal relatedness. The p-lactamase gene was related to the mobile
genetic elements, such as class 1 integron, located both on plasmids
and chromosomes. The fP-lactamase gene carrying plasmid was
transferable and the transconjugant with blacss; exhibited the
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(JX448550.1), R aeruginosa SE5443 (CP046405.1), Salmonella enterica NCCP16207 (CP041976.1), and Shewanella xiamenensis plasmid pSx1 (CP013115.1). The
blacars-s genes were all related to class 1 integrons. Coding sequences are colored based on their assigned gene functions. The blue shading areas indicate
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phenotype of reduced susceptibility to piperacillin-tazobactam,
ceftazidime, and cefepime, while the two co-carrying blap.4s also
exhibited reduced susceptibility to carbapenems. These results
suggest that resistance to f-lactam antibiotics and clonal
dissemination is prevalent in the hospital population of P. aeruginosa.
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