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Background: The rising resistance to carbapenems in Gram-negative bacteria worldwide poses a major clinical and public health
risk. This study aimed to characterise carbapenem- and colistin-resistance genes, blaNDM-1 and mcr-1 located on IncX4 plasmid in
MDR Pseudomonas aeruginosa, isolated from paediatric patients undergoing chemotherapy as a result of leukaemia.
Methods: In this study, six carbapenem-resistant strains of P. aeruginosa were isolated from two paediatric patients under chemotherapy
treatment (1.8 years old female and 2.1 years male) from the Shenzhen Hospital, China, in the year 2019. Isolates were screened for
conventional antibiotics such as tobramycin, cefepime, imipenem, and ciprofloxacin in additional colistin by using the broth dilution
method. Furthermore, resistance determinants:mcr-1, blaNDM-1, blaKPC-1, and blaGES were screened using PCR and sequencing followed by
multi-locus sequence typing. The horizontal gene transfer and location of mcr-1 and blaNDM-1 were determined by a liquid mating assay. In
addition, Incompatibility type (Inc), PCR-based replicon type, and subgroup (MOB) of plasmid were studied.
Results: The screening for conventional antibiotics isolates showed 100% resistance to all the tested antibiotics except tobramycin.
All isolates harboured carbapenemase encoding blaNDM-1, of which three also had mcr-1 located on a single IncX4 transferable
plasmid. MLST typing revealed that four strains had a novel (new) STs type, while two belonged to ST1966.
Conclusion: This study identified for the first time colistin- and carbapenem-resistant MDR P. aeruginosa in paediatric patients with
leukaemia in Shenzhen, China. It highlights the need for continuous surveillance in high-risk clones of MDR P. aeruginosa. Prudent
use of antibiotics based on local antimicrobial susceptibility and clinical characteristics can help in reducing mortality in immuno-
compromised patients.
Keywords: mcr-1, blaNDM-1, Pseudomonas aeruginosa, leukaemia patients

Introduction
Pseudomonas aeruginosa is a Gram-negative, rod-shaped, aerobic bacterium and one of the most common causes of
infectious disease in paediatric patients, leading to high mortality.1 It is a very common opportunistic pathogen that can
normally be present on the skin of healthy individuals but may cause serious infection in the case of immunocompro-
mised patients with haematological malignancies.2,3 Carbapenem-resistant P. aeruginosa has been classified as
a critically important pathogen by the WHO in the year 2017 because of its ability and resilience to develop antimicrobial
resistance (AMR) to the most commonly used antimicrobial drugs required for life-threatening infections. Hence, new
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antibiotics are urgently required in order to tackle the silent pandemic of AMR.4 The acquisition of the resistance genes
and genetic mutations enables the bacterium to resist antibiotics and survive in an antibiotic enriched environment where
the selection pressure for the development of resistant strains is quite high.5 The resistant P. aeruginosa exposure to
various antibiotics and the development of cross-resistance between antimicrobials may result in multidrug-resistant
(MDR) strains which are not only difficult to treat but may also expand clonally and become endemic to a specific region
such as a specific hospital. Such MDR P. aeruginosa strains may be transmitted from patient to patient and sometimes
lead to outbreaks among patients attending/sharing the same ward.6 Recent data show that MDR P. aeruginosa has a high
prevalence rate that varies from 15% to 30% globally in hospital settings7 In African countries alone, 13% of severe
healthcare-associated infections are caused by MDR P. aeruginosa.8 The ST1966 high-risk clone of P. aeruginosa has
a high capacity to acquire antibiotic resistance genes and is prevalent in many parts of China, especially in hospital
settings (unpublished data). However, no study has reported the occurrence of ST1966 co-harbouring New Delhi
Metallo-beta-lactamase-1 (NDM-1) and Klebsiella pneumoniae carbapenemase (KPC) in P. aeruginosa. A previous
study has reported a co-existence of E. coli with NDM-1 and MCR-1.9 In addition, there has been no report on the co-
existence of blaNDM-1 and plasmid-born colistin resistance mcr-1 in P. aeruginosa in paediatric patients. The occurrence
and distribution of colistin resistance in P. aeruginosa clones is of huge concern, because of the fatality and limited
treatment options and colistin being used as the last choice of drug to treat MDR pathogens.10 Due to the increased risk
of infections caused by NDM-1 and KPC-producing pathogens and the lack of proven local information, the WHO
recently pointed out the need to invest in resources to improve the surveillance of antimicrobial-resistant (AMR) clones
of bacteria,11,12 using whole-genome sequencing technology.13 Hence, it is important to investigate and monitor the
emergence of resistant clones and make prudent use of antibiotics in order to treat any life-threatening infections. The
present study aimed to evaluate carbapenemase-producing genes and their location in P. aeruginosa strains isolated from
paediatric patients undergoing chemotherapy for leukaemia in XX hospital in China.

Methods
The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional
Ethics Committee, Shenzhen Children’s Hospital, Reference number: 2018 (013) dated 2018/09/03, which complies with
international ethical standards. All experiments were conducted as per the hospital biosafety regulations act.

Isolation and Identification
In this report, six carbapenem-resistant strains of P. aeruginosa were isolated from two paediatric patients (1.8 years old
female, and 2.1 years male). Both patients had a history of acute leukaemia and were admitted to our hospital for
chemotherapy, from July to August 2019. The demographic and clinical data were recorded on a standardized case form.
During treatment, patients developed symptoms such as fever, cough, diarrhoea, and tissue infection, which followed
microbiological investigation (Table 1). To identify the pathogens, full blood, urine, peripheral blood, CSF, hydrothorax
and stool were cultured on the blood agar and Macconkey’s agar. The initially isolated identification was done by using
the VITEK®2 compact system (BioMerieux, France), followed by the API20 system and 16sRNA amplification. The
sequencing of each purified PCR product was performed by Sangon Biotech, Shanghai. PCR assay was performed to
amplify the full length of 16SRNA by using a set of universal primers: F-5’-AGAGTRTGATCMTYGCTWAC-3’; and
R-5’-CGYTAMCTTWTTACGRCT-3’. PCR reaction volume was 20 µL and it contained 2µL (30ng) of genomic DNA
extracted by QIAamp®DNA Kit from QIAGEN (Germany), 10 µL of 2X Master Mix, 0.4 µL (20 pmol) of each forward
and reverse primer, and 8.2 µL of nuclease-free water. Thermocycler conditions were set at 94°C for 5 min, followed by
35 cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 1min, followed by
a final extension at 72°C for 5 min. The PCR water was used as the control while P. aeruginosa ATCC 27853 DNAwas
used as the positive control. The PCR product was run on 1.8% agarose along with a DNA ladder (100Kb). The
sequences were analyzed using NCBI BLAST N; https://blast.ncbi.nlm.nih.gov/Blast. This isolate was collected as
a routine hospital investigation procedure. Only verbal consent was obtained because no personal information was
used for research purposes, therefore written consent was not required.
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Table 1 Clinical and Molecular Characterization of Pseudomonas aeruginosa

Code Source Isolation
Ate

ST PBRT
(Conjugants)

MICs
Colistin

MICs
Imipinime

Antibiotic
Resistance
Determinant

Therapy Days
Hospitalized

Outcome Symptoms Risk Factors Clonal
Relation

SP-

19-
1051

Blood 30-06-

2019

1966 FIS 0.5 32 blaNDM-1,
blaKPC-1, blaIMP,

Piperacillin

+cefepime
+Amikacin

45 Discharge Fever Implanted Port,

Ventilator

*

Sp-
19-

1053

Blood 03-07-
2019

1966 FIS 0.5 16 blaNDM-1,
blaKPC-1, blaIMP,

Piperacillin+
Tazobactam+

Cefepime

45 Discharge Fever,
cough,

diarrhoea,

tissue
infection

Implanted Port,
Ventilator

*

SP-
19-

2014

Blood 09-07-
2019

New IncX4 4 32 blaNDM-1,
blaCTX-M-15,
blaKPC-1, blaGES,
mcr-1

Piperacillin+
tazobactam

30 Discharge Fever,
cough,

diarrhoea,
peritoneal

infection

Urethral
Catheter,

Transverse
Colostomy,

Retroperitoneal

Drain tube

***

SP-

19-
2015

Blood 10-07-

2019

New FIB, IncX4 4 32 blaNDM-1,
blaKPC-1, mcr-1

Amikacin+

Piperacillin+
Tazobactam

sodium

30 Discharge Fever,

cough,
diarrhoea,

tissue

infection

Urethral

Catheter,
Transverse

Colostomy,

Retroperitoneal
Drain tube

***

SP-
19-

2016

Blood 12-07-
2019

New HII, IncX4 4 32 blaNDM-1,
blaCMY, mcr-1

Amikacin+
Piperacillin+

Tazobactam

sodium

30 Discharge Fever,
cough,

diarrhoea,

tissue
infection

Urethral
Catheter,

Transverse

Colostomy,
Retroperitoneal

Drain tube

***

SP-

19-

2019

Blood 14-07-

2019

New Not Detected 1 16 blaNDM-1,
blaCMY,

Amikacin+

Piperacillin+

Tazobactam
sodium

30 Discharge Fever,

cough,

diarrhoea
tissue

infection

Urethral

Catheter,

Transverse
Colostomy,

Retroperitoneal

Drain tube

***

Notes: *Clone-1; ***Clone-2.
Abbreviations: ST, sequence type; MICs, minimum inhibitory concentration; PBRT, PCR based replicon typing.

Infection
and

D
rug

R
esistance

2022:15
https://doi.org/10.2147/ID

R
.S368566

D
o
v
e
P
r
e
s
s

2931

D
o
v
e
p
r
e
s
s

C
hen

et
al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Antimicrobial Susceptibility
The antimicrobial susceptibility test (AST) was also performed using the VITEK®2 compact system (BioMerieux, France)
with ASTGN09 card (software version 9.01) followed by the agar dilution method. Tested antibiotics were Amoxicillin,
Tobramycin, Cefepime, Meropenem, Amikacin, Levofloxacin, Ciprofloxacin, Cefoperazone, Ticarcillin, and Colistin. The
P. aeruginosa ATCC 27853 was used as a quality control strain for the AST. The carbapenemase production among
carbapenem-resistant P. aeruginosawas confirmed using the modified Hodge test, while Metallo β-lactamase was determined
by theMBL E-test.14 The protocol for both tests was well developed in our infection and drug resistance lab and E. coliATCC
25992 was used as the control strain while characterized strain of E. coli from our lab was used as the positive control.
Antimicrobial susceptibility excluding colistin results was interpreted according to CLSI guidelines, while colistin resistance
was defined according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) clinical breakpoints.15,16

Molecular Characterization
The PCR assays were performed for the detection of β-lactamase-encoding genes including blaCTX-M, blaTEM, blaSHV,
blaGES, blaCARB, blaPER, blaIMP, blaCMY, blaSME, blaVIM, blaOXA, blaNDM, and blaKPC. The primers and protocol were
adopted from our lab,17 whereas the PCR for colistin-resistant genes (mcr-1 to mcr-9) was performed by using primers
described previously.18 The PCR conditions are well established in our laboratory. Thermocycler conditions were set at
94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec and extension at
72°C for 1min, followed by a final extension at 72°C for 5 min. The amplified product was run on 1.5% agarose gel with
ethidium bromide and extracted using a QIAquick® Gel Extraction Kit by QIAGEN (Germany) followed by sequencing.
The Sequences were analysed by BlastN: https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE= BlastSearch. The clonal
relation and MLST typing were performed by amplifying conserved seven housekeeping genes including acsA, aroE,
guaA, mutL, nuoD, ppsA, and trpE, according to the protocol mentioned on the P. aeruginosa MLST website (https://
pubmlst.org/P.aeruginosa/). The primers for the above housekeeping genes were adopted from the same website. The
amplified products were sequenced and Allelic profiles, as well as sequence types, were determined using https://
pubmlst.org/bigsdb?db=pubmlstpaeruginosa_ seqdefandpage=profilesandscheme_id=1. The combination of alleles
obtained at each locus defined its allelic profile or sequence type (ST). The combinations of alleles did not match with
the locus database designated as a “new” ST. While the clonal relatedness was determined by the repetitive PCR (rep-
PCR) (Diversilab, Biomerieux). All protocols were adapted from our laboratory.

Conjugation and Plasmid Characteristics
A mating assay was performed to analyse the horizontal gene transfer of blaNDM-1 and mcr-1 by using streptomycin-resistant
E. coli C600 as the recipient strain. The Luria broth medium for both isolates was mixed and incubated for meeting at 37°C for
24hrs. The successful transconjugants were selected on streptomycin (2000 µg/mL) and colistin (4 µg/mL) seededMuller Hinton
agar plate. While blaNDM-1 conjugants were selected on streptomycin (2000 µg/mL) and meropenem (1 μg/mL) seeded Muller
Hinton agar plate. Furthermore, transconjugants were tested by PCR assay and sequencing for the presence of mcr-1 and co-
existence of other genes including blaNDM-1, blaKPC, and blaCTX-M-15. The transconjugant frequency was determined as the
number of transconjugants divided by the total colony-forming unit (CFU). In addition, the plasmid incompatibility (Inc) group
was determined based on PCR-based replicon typing (PBRT). The primer pairs adopted based on the EMBLGene Databank, for
HI1, HI2, I1-Iγ, X, L/M, N, FIA, FIB, W, Y, P, FIC, A/C, T, FIIAS, F, K and B/O replicons results analysed as per described.19

Degenerate primer MOB typing (DPMT) means sub-groups were determined by using specific primers which were encoded in
33 references release as previously introduced by Alvarado A et al,20 while protocol was standardised in our laboratory.

Result
All P. aeruginosa isolates were confirmed by API-20 and 16s RNA sequencing. The modified Hodge test shows the
inactivation of the carbapenem resulting in positive for carbapenemase production while MBL-E-test results confirmed
the production of Metallo-beta-lactamase for all tested strains. The AST results revealed that in all the tested carbape-
nemase-producing P. aeruginosa isolates 6/6,100% were resistant to amoxicillin, amikacin and ticarcillin; while 60% of
these isolates were resistant to other tested antibiotics (Figure 1). About 3/6, 50% were resistant to colistin which is the
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last resort of choice to treat infection caused by MDR strains. The resistant determinant results showed that all isolates
harboured blaNDM-1 among which four co-harboured mcr-1. In addition, carbapenemase-producing P. aeruginosa were
carrying blaKPC-1 (4/6), followed by blaIMP (3/6), blaGES (1/6), and blaCMY (1/6). Colistin use is one of the major factors
responsible for the development of colistin resistance but in this study, patients were not treated with colistin (Table 1). In
our study, MLST results indicate that 2/6 isolates belonged to P. aeruginosa ST1966 high-risk clone, the other four
isolates allocated alleles combination were not matched with reported STs in PubMLST database so reported as new STs
(Table 2). A total of three successful mcr-1 carrying transconjugants were obtained while one-SP-19-2019 failed to
transfer the mcr-1 gene (Table 1). Our isolate SP-19-2019 conjugation failure may be due to the location of mcr-1 on the
chromosome. The horizontal gene transfer frequency ranged from 10−3 to 10−5. Successful three conjugants co-existence
of blaNDM-1 and mcr-1 which were located in IncX4 plasmid group based on the PBRT results while MOB revealed that
plasmid belongs to the P-31 subgroup (Table 1). Moreover, two blaNDM-1 plasmids of transconjugants belong to IncFIS
and subgroup P-12. In genotyping, we found that SP-19-1051, 1054 and 2019 were clonally related (>95%). The other
three isolates (Sp-19-2014, 2015, 2016) were of the same sequence type. Both patients had invasive infections with
colistin-resistant P. aeruginosa but were able to recover as a result of antimicrobial therapy and were discharged.
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Figure 1 Antibiotic susceptibility testing of clinical isolates Pseudomonas aeruginosa.

Table 2 Combination of Alleles with Sequences Type

Locus Tm Isolates Number

1051 1054 2014 2015 2016 2019

acsA 55 15 15 15 15 15 15

aroE 56 5 5 4 4 4 4

guaA 55 11 11 11 11 11 11

mutL 61 5 5 5 5 5 5

nuoD 58 4 4 4 4 4 4

ppsA 55 3 3 3 3 3 3

trpE 56 141 141 141 141 141 141

ST 1966 1966 New New New New

Complex N/D N/D N/D N/D N/D N/D

Abbreviations: ST, sequence type; N/D, not detected; Tm, melting temperature.
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Discussion
Infections caused by P. aeruginosa are difficult to treat since this bacterium has several mechanisms of resistance and
virulence, such as the acquisition of plasmids or integrons.21 The presence of colistin resistance plasmid-mediated mcr-1
in P. aeruginosa bacteria has drawn global attention because colistin last resort to treat infection caused by MDR
pathogens.22 Therefore, the an urgent requirement for novel antibiotics with new modes of action or alternative
approaches to identifying molecules that can interfere with the process of efflux such as P-glycoprotein.23 Our previous
studies describe the co-production of MCR-1 and NDM-1 in Extended-Spectrum β-Lactamase-Producing Escherichia
coli ST648 Isolated from a Colonized Patient in China.9 In the present study, the isolates were resistant to the commonly
used antimicrobials to treat Gram-negative infections. Interestingly, we observed that three among six were resistant to
colistin, which is the last choice of drug to treat infection caused by MDR Gram-negative bacteria.24 These antimicrobial
susceptibility results are in agreement with other studies that demonstrated the high levels of resistance in P. aeruginosa
recovered from bloodstream infections.25 We reported carbapenemase encoding blaNDM-1 from six strains which were the
first detected in P. aeruginosa in Serbia in the year 2011.26 In the present study, three strains co-harbouring colistin
resistance mcr-1 and carbapenemase encoding blaNDM-1, to the best of our knowledge; this has not yet been reported.
Nevertheless, the co-existence of mcr-1 and blaCTX-M has already been reported earlier.27 In our study, we reported 2/6
P. aeruginosa that belong to ST1966, which is similar to a Chinese strain reported in 2011 from the Peking Hospital,
Beijing (unpublished data). In addition, previous studies have reported that the novel sequence type strains are evolving,
and increasing the mortality rate of P. aeruginosa bacteraemia,28,29 this highlights the need to further investigate this
strain by the application of whole-genome sequencing. We have 3/4 mcr-1 conjugants while one failed, we suppose the
location of a gene on the chromosome. The incidence of chromosomally encoded mcr-1 is rare although it has been
reported in several cases.30 Here, we demonstrate that the mcr-1 gene is located on IncX4 plasmids, the plasmids that
have been reported to play a significant role in the spread of the mcr-1 gene.31,32 Although there are limitations to this
study, these findings help fill the knowledge gap that has hindered the mechanism of resistance and surveillance for this
strain and can be used for further investigation. In addition, we need to consider the resistance mechanisms in MDR
Pseudomonas as well as the related virulence factor and biofilm production and develop new correlations among these
which may help for both diagnostic and therapeutic purposes.33

Conclusion
This is the first report to detect blaNDM-1 and colistin resistance mcr-1 in MDR P. aeruginosa isolates recovered from
bloodstream infection in immunocompromised patients during leukaemia treatment. Colistin resistance is emerging in
P. aeruginosa in a novel sequence type and may have a high-risk clone. The spread of carbapenemases in clinical isolates
highlights the need for continuous surveillance for high-risk clones of P. aeruginosa, particularly in paediatric patients.

Abbreviations
NDM, New Delhi Metallo-beta-lactamase; AMR, Antimicrobial-resistant; EUCAST, European Committee on
Antimicrobial Susceptibility Testing; PCR, Polymerase Chain Reaction; PBRT, PCR-based replicon typing; MLST,
Multi-locus sequence typing (MLST) method and (PFGE); Inc, Incompatibility; STs, Sequence types..
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