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ABSTRACT Carbapenem resistance among Enterobacterales has become a global
health concern. Clinical Escherichia coli isolates producing the metallo 3-lactamase NDM
have been isolated from two hospitals in Faisalabad, Pakistan. These E. coli strains
were characterized by MALDI-TOF, PCR, antimicrobial susceptibility testing, Xbal and S1
nuclease pulsed-field gel electrophoresis (PFGE), conjugation assay, DNA hybridization,
whole genome sequencing, bioinformatic analysis, and Galleria mellonella experiments.
Thirty-four blaypm producing E. coli strains were identified among 52 nonduplicate
carbapenem-resistant strains. More than 90% of the isolates were found to be multidrug
resistant by antimicrobial susceptibility testing. S1 PFGE confirmed the presence of
blanpy gene on plasmids ranging from 40 kbps to 250 kbps, and conjugation assays
demonstrated transfer frequencies of blaypy harboring plasmids ranging from 1.59 x
107" to 6.46 x 107° per donor. Whole genome sequencing analysis revealed blanpm-5 as
the prominent NDM subtype with the highest prevalence of blagxa-1, blactx-m-15, aadA2,
aac(6')-1b-cr, and tet(A) associated resistant determinants. E. coli sequence types: ST405,
ST361, and ST167 were prominent, and plasmid Inc types: Fll, FIA, FIB, FIC, X3, R, and Y,
were observed among all isolates. The genetic environment of blaypy region on IncF
plasmids included partial ISAba125, the bleomycin ble gene, and a class | integron. The
virulence genes terC, traT, gad, fyuA, irp2, capU, and sitA were frequently observed, and
G. mellonella experiments showed that virulence correlated with the number of virulence
determinants. A strong infection control management in the hospital is necessary to
check the emergence of carbapenem resistance in Gram-negative bacteria.

IMPORTANCE We describe a detailed analysis of highly resistant clinical E. coli isolates

from two tertiary care centers in Pakistan including carbapenem resistance as well as

common co-resistance mechanisms. South Asia has a huge problem with highly resistant

E. coli. However, we find that though these isolates are very difficult to treat they are of ~ Editor Sadjia Bekal, Institut national de santé
low virulence. Thus the Western world has an increasing problem with virulent E. coli that gizléiucegisdu:bec’ e
are mostly of low antibiotic resistance, whereas, South Asia has an increasing problem ’

with highly resistant E. coli that are of low virulence potential. These observations allow
us to start to devise methodologies to limit both virulence and resistance and combat
problems in developing nations as well as the Western world.
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of antibacterial activity for severe infectious diseases caused by multidrug-resistant
bacteria (3). However, their increased clinical use leads to the development
of carbapenem-resistant Enterobacterales (CRE), responsible for healthcare-associated
infections. CRE do not respond to commonly available antibiotics and are frequently
associated with high mortality (4). In Asia, the resistance rate of Enterobacterales to
imipenem and meropenem rose from 0.8%-1.2% and 1.0% to 1.3%, respectively, from
2001 to 2012 (5). In Pakistan, carbapenem resistance of E. coli and Klebsiella pneumoniae
had risen from 1%-5% and 3%-18%, respectively, from 2009 to 2014 (6). Different
carbapenemases produced by these bacteria inactivate carbapenems; NDM is the main
carbapenemase found throughout South Asia and is the most clinically significant
because of its rapid and ongoing evolution and global dissemination (7).

Since a K. pneumoniae NDM-bearing strain was reported first time from a Swedish
patient who had received prior treatment in New Delhi, NDM has spread worldwide
with common links to South Asia (8),—48 variants of NDM (NDM-1-48) have been
detected so far (9). NDM-1, 4, 5, 6, and 7 are most prevalent worldwide, and NDM-5
is the most prevalent in South Asia and China (10). In contrast, several other types
of carbapenemases, such as KPC, OXA-48, IMP, and VIM, have been found to be more
common in other countries (11, 12). The highest distribution of NDM-positive species is
observed in K. pneumoniae and E. coli (13). Notably, one of the primary reasons for the
rapid emergence and spread of NDM is its close association with E. coli carried by the
vast majority of humans, in addition to its close association with different mobile genetic
elements such as insertion sequences, ISCR elements, plasmids, other transposons, and
integrons. Conjugative plasmids such as Incompatibility groups (Inc) F, L/M, N, A/C, and
X are commonly associated with the spread of blaypy via horizontal gene transfer (HGT)
(14).

The Indian subcontinent is the most endemic region for the presence and spread
of NDM-type MBLs, and prevalence rates of Enterobacterales producing blanpy were
found in a range of >30% in hospitals of India and Pakistan (15, 16). In Pakistan, a study
in Karachi reported that bacteria producing blaypy were found to be responsible for
66% and 57% mortality in neonatal and adult patients, respectively (17). Similarly, in
Pakistan, another study reported the death of four out of nine neonates due to bacteria
producing blaypm genes (18). Several other studies have been carried out to examine the
dissemination of blayppm (19-22) in Pakistan and reported an increase in the prevalence
of these genes. In 2020, a meta-analysis reported a 28% pooled proportion of clinical
carbapenem-resistant Gram-negative bacteria from Pakistan (23).

In this study, we performed whole genome sequencing of clinical E. coli isolates
producing blanpwm genes and reported the detailed genetic context of blayppm-carrying
plasmids. This knowledge provides insight into genetic characteristics and potential
transmissions of the plasmids among clinical E. coli isolates in Pakistan.

MATERIALS AND METHODS
Isolation of carbapenem-resistant E. coli isolates

A total of 240 E. coli strains recovered from urine or pus cultures were collected
from laboratories of two tertiary care hospitals in Faisalabad in 2019 and 2020 (24).
These isolates were sub-cultured on CHROMagar media plates supplemented with
1 ug/mL meropenem and incubated overnight at 37°C for purity checks and isolation
of carbapenem-resistant E. coli isolates.

Identification of bacteria

Matrix-assisted laser desorption ionization-TOF (MALDI-TOF) (Bruker Daltonics, Germany)
was carried out for protein-based confirmation of bacteria at the species level.
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Molecular identification of the blaypy gene

DNA of E. coli isolates was subjected to PCR to screen the presence of blaypym gene using
primers and conditions as described previously (25).

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing of all carbapenem-resistant E. coli isolates was
performed by disk diffusion method using the Muller Hinton agar plates against 12
antimicrobials. Broth microdilution and E-tests were performed to analyze the suscepti-
bility of isolates against colistin and tigecycline, respectively. E. coli strain ATCC 25922 was
used as the control strain. Breakpoints of all antibiotics were interpreted according to
EUCAST criteria (26).

Pulsed-field gel electrophoresis analysis

All carbapenem-resistant E. coli isolates were further subjected to Xbal and S1 PFGE
analysis as described by CDC 2016 (https://www.cdc.gov/pulsenet/pdf/ecoli-shigella-sal-
monella-pfge-protocol-508c.pdf). Briefly, agarose blocks of bacterial DNA were prepared
in 1% SeaKem Gold Agarose (Lonza, Rockland, ME, USA) with 0.5X TBE (Tris—borate—
ethylene) buffer, digested with Xbal and S1 nuclease enzymes and separated by
electrophoresis using a CHEF Mapper XA Apparatus (Bio-Rad, Hercules, CA, USA) at 6 V
cm™ at 14°C, with an initial pulse time of 4 s and a final pulse time of 45 s for 22 h.
In-gel DNA-DNA hybridization with a blaypm probe labeled with **P was carried out to
determine the genetic location of carbapenem-resistant genes as described previously
(27).

Conjugation experiment

Conjugation experiments were carried out to determine the transferability of plasmid-
mediated blanpy genes using sodium azide-resistant E. coli J53 as the recipient strain, as
previously described (28). Briefly, isolates were grown on chromogenic media plates with
1 ug/mL meropenem (AstraZeneca, London, UK) and E. coli J53 on chromogenic media
with 200 pg/mL sodium azide. Pure cultures were propagated by picking a single colony
and inoculating in 10 mL of LB broth for incubation at 37°C for 18 h, with shaking at
200 rpm. Mating was undertaken by mixing 1.5 mL of overnight culture of the resistant
strain with 1 mL of E. coli J53 bacterial culture and 2 mL of LB broth. After incubation
for 18 h at 37°C, 10 pL was used to inoculate plates containing 200 pg/mL sodium azide
and 1 pg/mL meropenem to select transconjugants. Single colonies were subcultured
and analyzed for the presence of resistance genes by PCR. Transfer frequencies were
calculated by the colony forming unit (CFU) count of transconjugants against the CFU
count of the donor.

Whole-genome sequencing and bioinformatics analysis

Total gDNA was extracted from an overnight culture (2 mL) on a QlAcube automated
system (Qiagen). Following extraction, gDNA was quantified by fluorometric methods
using a Qubit (ThermoFisher Scientific, USA), with quality ratios of gDNA (A260/280
and 260/230) determined via Nanodrop (ThermoFisher Scientific, USA). Genomic DNA
libraries are prepared for whole-genome sequencing using the NexteraXT Kit (lllumina),
as described by the manufacturer. Paired-end sequencing was performed using the
lllumina MiSeq platform (MiSeq Reagent V3 Kit; 2 x 300 cycles). For each E. coli isolate,
at least 20 x coverage was generated. Raw sequence reads were trimmed using Trim
Galore and the genomes were de novo-assembled into contigs using SPAdes (3.9.0) with
a pre-defined kmers set (29). Raw reads were also assembled with Geneious (10.0.9;
Biomatters Ltd.) de novo assembler, set at medium sensitivity for analysis of paired
lllumina reads. Geneious was used to map both sets of contigs to reference genes
identified by closest BLAST homology and to annotate genes from closest homologs in
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NCBI Genome database. Resistance genes were identified using Resfinder within CGE,
and plasmids were identified within the genome assembly and typed using Plasmid-
finder (30).

To elucidate the genetic environments of blaypp genes, 10 representative blanpm
isolates carrying plasmids were selected based on the phylogenetic analysis to perform
MinlON (Oxford Nanopore Technologies Ltd., Oxford Science Park, UK) sequencing to
obtain the complete plasmid sequences. Large-scale bacterial gDNA was extracted. Two
loops of a full bacterial colony in 9.5 mL of TE buffer were mixed with 50 L proteinase
K (20 mg/mL) and 0.5 mL of 10% SDS. After incubation at 37°C for 1 h, 1.8 mL heated
5M NaCl was added and was incubated at 65°C for 5 min. The suspension was treated
with 1.5 mL of heated CTAB/NaCl and was incubated at 65°C for 20 min. Then an equal
volume of chloroform was added to the mixture followed by gently shaking for 1 h.
The mixture was centrifuged at 13,000 rpm for 15 min. The supernatant was taken, and
an equal volume of isopropanol was added until the clumping of gDNA was visualized.
DNA was washed with 70% ethanol, and 200 uL of water was added to dissolve the
gDNA. DNA library was prepared by pooling all barcoded samples to aim for a final DNA
concentration >500 ng/pL, and 1 pL of RAD was added to DNA. A final mixture of 75 pL
(34 pL sequencing buffer, 30 pL water, and 11 pL DNA library) was loaded into the flow
cell. MinlON device was connected to MinKNOW GUI to obtain the reads. The raw data
in fast5 format were base called with the high-accuracy mode and demultiplexed using
Guppy 4.2.2 (31). Unicycler (0.4.4) was used to yield hybrid assembly using both Illumina
short reads and minlON long reads (32). This process included assembling the long
reads with Flye v2.8 and following a 5-round polishing using Pilon (33) with the lllumina
short reads of the same sample (34). Comparisons of the complete E. coli plasmids were
visualized using BRIG and EasyFig (35).

G. mellonella pathogenicity model

Pathogenicity of carbapenem-resistant E. coli isolates belonging to ST-405, ST361, and
ST-167 was examined in a Galleria model. Larvae of the wax moth G. mellonella were
used as an animal model for disease resulting from infection challenges of the test strains
as described previously. Briefly, strains were standardized in suspensions equating to 1
x 107, 10% and 10° CFU/mL. Using a Hamilton Syringe, 10 pL of each suspension was
injected into the hemocoel of the G. mellonella larvae, larvae were incubated in the
dark at 37°C for 72 h, and the amount of dead and alive worms was checked every
24 h. Death was denoted when larvae no longer responded to touch. In addition to this,
three more groups of 10 larvae were injected with non-pathogenic E. coli ATCC25922
to evaluate whether larvae were killed by non-infection related reactions, with 10 yL of
PBS to measure any lethal effects due to physical injury and positive control inoculation
with pathogenic strain KP-2 belonging to ST-131. Results were analyzed by Kaplan-Meier
survival curves (GraphPad Prism statistics software) (36).

RESULTS

General characteristics, molecular identification, and antibiotic susceptibility
of CR-EC isolates

Fifty-two non-repetitive carbapenem-resistant E. coli isolates were isolated from two
hospitals over 1 year. These non-duplicated isolates were mainly isolated from urine
(79%) followed by pus (21%) cultures. Similarly, the percentage of CR-EC isolated from
female and male samples was found to be 73% and 27%, respectively. The age of
patients ranged from 14 to 68 years, with a mean of 49 year. The highest number of
isolates was found to be in the 40-49 age range (32%), while the lowest number of
isolates was found in the 20-30 age range (6%).

Among the 52 carbapenem-resistant E. coli isolates, 34 strains were demonstrated
to be blaypym producers via specific blaypy PCR. Antimicrobial susceptibility testing
revealed that all 34 E. coli isolates were MDR strains, and they were resistant to multiple
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categories of antibiotics (n >3) (Table S1 in the supplemental material). Therefore, each
isolate carried at least three categories of resistance genes associated with resistance
phenotype (Table 1). AImost all these isolates were non-susceptible to fluoroquinolones
(95-100%), cephalosporins (87-95%), and penicillins (82-97%). Moreover, over half of
the isolates were resistant to aminoglycosides (57%). The MICs results of CR-EC isolates
revealed 100% susceptibility to tigecycline and colistin.

Pulsed-field gel electrophoresis

Xbal PFGE analysis of carbapenem-resistant isolates (n = 34) categorized them into
five different clusters. Cluster A (PK-5027, PK-5034, PK-5068, and PK-5172) includes four
isolates. Cluster B (PK-5092, PK-5171, and PK-5202) includes three isolates. Clusters C
(PK-5093 and PK-5095), D (PK-5140 and PK-5141), and E (PK-5112 and PK-5198) include
two isolates each. All other 21 isolates appeared to be singletons. S1-PFGE analysis
showed that blanpy was located on a plasmid with varying lengths. The number and
sizes of plasmids in E. coli isolates were found to be between 1 and 5 and 40 kbps and
250kbps, respectively (Table S2).

Conjugation

The conjugation experiment confirmed that blaypy was able to transfer successfully
into E. coli J53 strain. The range of conjugation frequencies for all isolates was observed
between 1.59 x 107" and 6.46 x 108 per donor (Table S2).

Resistance determinants

Analysis of antibiotic resistance genes revealed the presence of blaypm-s5 in 91% (n =
31/34), while the percentage prevalence of blanpm-1, blanpm-20, and blanpm-21 was 3%
(n = 1/34) each. Between 4 and 20 antibiotic resistance genes were found in each isolate.
PK-5171 was found to harbor 20 antibiotic-resistance genes belonging to nine different
classes of antibiotics, followed by two isolates PK-5127 and PK-5136 and four isolates
PK-5081, PK-5112, PK-5138, and PK-5198 found to harbor 17 and 16 genes, respectively.
The 34 sequenced isolates harbored a plethora of resistant genes, including pB-lactamases
blagxa-1, blactx-m-15, blagc-1s, blatem-1, blagc.g, blagc, blacmy-14s, blagc-1s, blactx-m-139,
blactx-m-101, blaoxa-181, blacmy-a2. blacmy-102, blacmy-131, blaoxa-10, and blacrx-m-103,
aminoglycosides (aadA2 65%, aac(6)-1b-cr, aadA5, aadAl, aph(3")-1b, and aph(6)-Id,
aac(3)-lid, aadA11, aadA16, and aac(3)-lia, fluoroquinolones (gnrS1, gnrB6, gepAl, qepA6,
gepA8, and gepA9), sulfonamides (sull, sul2, and sul3), trimethoprim (dfrA12, dfrA14, and
dfrA17), phenicols (catB3, catAl, and cmlAT), tetracyclines (tet(A), tet(B), and tet(34)), and
macrolides (mph(A)). Genes blapgxa-1 (73%, n = 25/43) and blactx-m-15 (50%, n = 17/34)
were found to be the most predominant B-lactamases among the isolates. All isolates
harbored more than one bla in different combinations. Aminoglycoside resistance was
mostly mediated by aadA2 (65%, n = 22/34) and aac(6')-1b-cr (47%, n = 16/34) that
confers resistance to both aminoglycosides and fluoroquinolones. Among the tetracy-
cline resistant genes, Gene tet(A) (67%, n = 23/34) was the most common tetracycline
resistance gene carried by isolates (Table 1).

Virulence genes

A total of 17 various virulence genes were detected across 34 E. coli isolates in
different combinations of 4 to 16 genes. The most frequent genes found among the
isolates were terC (100%, n = 34/34), traT (88%, n = 30/34), gad (79%, n = 27/34),
fyuA and irp2 (61%, n = 21/34), capU (52%, n = 18/34), and sitA (50%, n = 17/34).
Isolates detected with more than 10 virulence genes PK-5138 (n = 16), PK-5136 (n =
15), PK-5081 and PK-5127 (n = 14), PK-5178 (n = 13), and PK-5179 (n = 12) belong to
ST-405. Only two isolates PK-5171 and PK-5037, with virulence genes of 11 and 10,
respectively, belong to ST-167 (Table 1).
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TABLE 1 Genomic characteristics of clinical E. coli isolates harboring blanpm gene

Microbiology Spectrum

IsolateID  MLST Inc types of plasmids Resistance genes Virulence genes
PK-5027 ST-361 IncFll, IncY, IncFIA, Incl1 tet(A), sull, blagc, blaoxa-1, blacmy-14s, aadA2, capU, gad, sitA, terC, traT
aadA1, blaypm-s, mph(A), dfrA12, gepA1, gepA8
PK-5034 ST-361 IncFIA, IncFll, IncY, Incl1 tet(A), sull, blagc, blacmy-102, blaoxa-1, aadA2, capU, gad, sitA, terC, traT
aadA1, blaypm-s, mph(A), dfrA12, gepA8, gepA6
PK-5037 ST-1702 IncFIA, Incl1, ColRNAI, IncFIC tet(34), sull, blagc-1s, blacmy-a2, aadA2, blanpm-s,  capU, gad, cia, cib, iss, fyuA, hra,
dfrA12 iss, terC, traT, irp2
PK-5052 ST-405 IncFIB, IncFIA, IncFll, p0111 tet(34), tet(A), sull, blagc.g, blactx-m-15 blaoxa-1,  chuA, kpsE, kpsMIl_K5, fyuA,
catB3, aadA2, aac(6')-1b-cr, blanpm-s, mph(A), terC, traT, irp2
dfrA12
PK-5055 ST-1702 ColRNAI, IncFIA, IncFIC tet(34), sull, blagc.1s, blatgm-1, aadA5, blanpw-s,  capU, irp2, fyuA, gad, iss, hra,
dfrA12, dfrA17 terC, traT
PK-5068 ST-361 IncFll tet(A), sull, blagc, blacpmy-14s, catAl, catAl, aadA2, capU, gad, sitA, terC, traT
aadA1, blaypm-s, mph(A), dfrA12, gepA8
PK-5081 ST-405 IncFIA, IncFIB, p0111, IncFIC, Col(MG828)  tet(34), tet(A), sull, sul2, blagc.g, blacTx-m-15 kpsE, kpsMII_K5, chuA, eilA,
blatem-1,blaoxa-1, catB3, aadA5, aph(3")-1b, fyuA, sat, sitA, iucC, iutA,
aph(6)-1d, aac(6')-1b-cr, blanpm-s, mph(A), dfrA17 papA_F43, terC, traT, iha, irp2
PK-5092 ST-167 IncFIC, IncFIA, IncFIB, Col156, Col(BS512)  tet(34), tet(A), sull, blagc-1s, blactx-m-15 blaoxa-1,  capU, celb, gad, hra, iss, terC,
catB3, aadA2, aac(6')-1b-cr, blanpm-s, mph(A), traT
dfrA12
PK-5093 ST-156 IncFIB, Col(MGD2), ColRNAI, IncFIC tet(B), tet(34), sull, blagc-1g blatgm-1, aadA2, iss, IpfA, fyuA, gad, irp2, traT,
blanpm-s, dfrA12, gepA9 papC, terC
PK-5095 ST-156 IncFIB, Col(MGD2), ColRNAI, IncFIC tet(34), tet(B), sull, blagc-1g blatgm-1, aadA2, iss, IpfA, papC, fyuA, gad, irp2,
blanpm-s, dfrA12, gepA9 traT, terC
PK-5096 Unknown IncFIA, IncFll, ColRNAI, Incl1 tet(34), tet(A), sull, sul2, blagc-1s, blacmy-131, capU, iss, terC, traT, hra, irp2,
aadA2, aph(3")-1b, aph(6)-Id, blaypm-s, mph(A), fyuA, gad
dfrA12
PK-5099 ST-361 IncFII_1, IncFIA_T, Incl1 sull, blagc, blapxa-1, catAl, aadAl, aadA2, capU, gad, sitA, terC, traT
blanpm-20, dfrA12, gepAl, gepA8
PK-5112 ST-167 IncFIC, IncFIA, ColKP3, ColRNAI, Col(BS512) tet(34), tet(A), sull, blagc-1s, blacTx-m-15, capV, fyuA, gad, irp2, iss, terC,
blapxa-181, blatem-1, blapxa-1, catB3, aadA2, traT
aac(6')-1b-cr, blanpm-s, mph(A), dfrA12, ere(A), gnrS1
PK-5116 ST-167 IncFIA, IncFll tet(A), sull, blapxa-1, blactx-m-15, catB3, capV, gad, hra, terC, traT, iss,
aac(6')-1b-cr, aadA5, blanpw-s, mph(A), dfrA17 hlyE
PK-5127 ST-405 IncFIA, IncFIC, Col(MG828) tet(34), tet(A), sull, sul2, blagc.g, blacTx-m-139 L
blactx-m-101, blatem-1, blaoxa-1, catB3, aadA5, afal; chu, fyuh, iha, irp2,
aph(6)-1d, aph(3")-1b, aac(6')-lb-cr, blanpwr.s, HucC, futA, kpst, kpsMil_KS,
papA_F43, sat, sitA, terC, traT
mph(A), dfrA17
PK-5136 ST-405 IncFIC, Col(MG828), IncFIA tet(34), tet(A), sull, sul2, blagc.g, blactx-m-101,
blatem-1, blactx-m-103, blaoxa-1, catB3, aadA5, iha, irp2, iucC, afaD, chuA,
aph(6)-1d, aph(3")-1b, aac(6')-1b-cr, blanpw-s, papA_F43, sat, sitA, fyuA, gad,
mph(A), dfrA17 iutA, terG, traT, kpsE, kpsMIl_K5
PK-5138 ST-405 IncFIC, IncFIA, p0111, Col(MG828) tet(34), tet(A), sull, sul2, blagc.g, blactx-m-15, fyuA, gad, iha, irp2, afaD, chuA,
blapxa-1, blatem-1, catB3, aadA5, aph(3")-1b, eilA, iucC, papA_F43, sat, sitA,
aph(6)-1d, aac(6')-1b-cr, blanpm-s, mph(A), dfrA17 terC iutA, kpsk, kpsMII_K5, traT
PK-5140 ST-405 IncFIA, IncFIB, IncFlI tet(34), tet(B), sull, blagc.g, blatgm-1, blactx-m-15,  chuA, irp2, sitA, terC, fyuA, kpsE,
blapxa-1, catB3, aadA2, aadAS5, aac(6')-1b-cr, kpsMII_K5, gad, hra
aac(3)-lid, blaypm-s, dfrA12, dfrA17
PK-5141 ST-405 IncFIA, IncFIB, IncFlI tet(34), tet(B), sull, blagc.g, blactx-m-15 blaoxa-1,  chuA, fyuA, hra, irp2, kpsMIl_K5,

catB3, aadA2, aac(6')-1b-cr, aac(3)-lid, aadA>5,
blanpm-s, dfrA12, dfrA17

SitA, terC
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TABLE 1 Genomic characteristics of clinical E. coli isolates harboring blanpm gene (Continued)

Microbiology Spectrum

IsolateID  MLST Inc types of plasmids Resistance genes Virulence genes
PK-5144 ST-405 IncFIC, IncFIA, IncFIB tet(34), tet(A), sull, blagc.g, blactx-m-15 blaoxa-1,  afabD, chuA, fyuA, irp2, kpsE,
catB3, aadA2, aac(6')-1b-cr, blanpm-s, mph(A), kpsMII_K5, terC, traT
dfrA12
PK-5151 ST-2450 IncX3, ColRNAI, IncFIB, p0111 tet(34), sul2, blagc-1s, aph(6)-Id, aph(3")-Ib, capV, fyuA, gad, irp2, iss, sitA,
aac(3)-lia, blaypm-s5 terC
PK-5152 ST-405 IncFIA, IncFIB, IncFII tet(A), sull, blactx-m-15 blapxa-1, catB3, kpsMII_K5, chuA, fyuA, gad,
aac(6')-1b-cr, blanpm-s, mph(A), dfrA12 kpsE, terC, traT, irp2
PK-5160 Unknown Col156, IncFIB, IncFll, Incl1 sull, blapxa-10, cmlA1, blanpm-1 celb, gad, IpfA, terC
PK-5171 ST-167 IncFIA, IncR, IncFIB, IncFIC, ColRNAI tet(34), tet(B), tet(A), sull, blagc-1s, blacTx-m-139, capV, fyuA, gad, hra, irp2, iss,
blapxa-1, catAl, catB3, aadA16, aac(6')-1b-cr, jucG, iutA, sitA, terC, traT
aadA2, aadA5, blanpm-s, mph(A), dfrA27, dfrA12,
dfrA17,qnrS1, gnrB6
PK-5172 ST-361 Incl1, IncFIA, IncFll tet(A), sull, blagc, blacmy-102, blaoxa-1, blacmy-14s, capU, gad, sitA, terC, traT
catAl, aadAl, aadA2, blanpm-s, mph(A), dfrA12,
qepA8
PK-5176 ST-167 IncFIC, IncFIA, IncX3, Col(MG828) tet(34), tet(A), sull, blapxa-1, blagc-1s, blactx-m-15,  capU, gad, hra, iss, terC, traT
catB3, aac(6')-1b-cr, aadA5, blanpm-s, mph(A),
dfrA17
PK-5178 ST-405 IncFIC, IncFIA, p0111, IncFIB, Col(MG828)  tet(34), tet(A), sull, sul2, blagc.g, blacTx-m-15 chuA, fyuA, iha, irp2, iucG, iutA,
blapxa-1, blatem-1, catB3, aadA5, aph(6)-1d, kpsE, kpsMIl_K5, papA_F43,
aph(3")-1b, aac(6')-1b-cr, blaNDM-5, mph(A), dfrA17  sat, sitA, terC, traT
PK-5179 ST-405 Col(BS512), IncFlI tet(B), sull, blactx-m-15 aadA2, blaypm-s, dfrA12  chuA, fyuA, gad, eilA, irp2, kpsE,
kpsMIII_K98, papA_F43, papC,
sitA, terC, traT
PK-5196 ST-361 IncFll, IncY, IncFIA, Incl1 tet(A), sull, blagc, blacmy-14s, blaoxa-1, catAl, capU, gad, sitA, terC, traT
aadA11, aadA2, aadA1, blaypm-s, mph(A), dfrA12,
qepA8
PK-5198 ST-167 IncFIA, IncFIC, ColKP3, ColRNAI, Col(BS512) tet(34), tet(A), sull, blagc-1s, blacTx-m-15, capV, fyuA, gad, irp2, iss, terC,
blapxa-181, blatem-1, blapxa-1, catB3, aadA2, traT
aac(6')-1b-cr, blanpm-s, mph(A), dfrA12, ere(A),
gnrS1
PK-5202 ST-167 ColRNAI, IncFIA, IncFIC tet(34), sull, sul2, blagc.1s, blactx-m-15 aadA2, capU, fyuA, gad, hra, irp2, terC,
aph(6)-Id, aph(3")-1b, blanpm-s, dfrA12 traT
PK-5209 ST-361 Incl, IncFll tet(A), blagc, blapxa-1, catAl, aadAl, blanpm-21, capU, gad, sitA, terC, traT
gepAl, gepA6
PK-5224 ST-2851 Col156, IncFIA, ColRNAI, IncFlI tet(A), sull, blagc.1s, blactx-m-15 blatem-1, aadA2,  celb, gad, hra, IpfA, terC, traT
blanpm-s, dfrA12
PK-5238 ST-2851 Incl, IncFIA, IncFll, Col(MG828) tet(A), sull, blagc.1s, blactx-m-15, blacmy-a2 gad, hra, IpfA, terC, traT

aadA2, blanpm-s, mph(A), dfrA12

Replicon typing

Screening of plasmid replicons among 34 E. coli isolates using the PlasmidFinder
database detected nine plasmid replicons, including Fll, FIA, FIB, FIC, X3, R, Y, Col,
and p0111. FIA was the predominant replicon identified in 80% (n = 27/34) of isolates
followed by Col, Fll, FIC, and FIB replicon types, with 61% (n = 21/34), 52% (n = 18/34),
47% (n = 16/34), and 38% (n = 13/34), respectively. There were 1 (n=1),2 (n=3),3 (n =
10), 4 (n=14),and 5 (n = 6) plasmids detected in the isolates (Table 1).

Phylogenetic analysis

WGS analysis provided comprehensive information for the 34 blaypy carrying E. coli and
their phylogenetic relationship. Phylogenetic relationships among E. coli isolates were
determined by using the online tool CSI Phylogeny (1.4 version) (https://cge.cbs.dtu.dk/
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services/CSIPhylogeny/). The pipeline comprises of various freely available programs.
The paired-end reads from each isolate were aligned against the reference genome,
using Burrows-Wheeler Aligner (BWA), SAMtools, “mpileup” command, and bedtools.
The single nucleotide polymorphism (SNP) based phylogenetic tree was generated by
calling and filtering SNPs, site validation, and phylogeny based on a concatenated
alignment of the high-quality SNPs. For inferring phylogeny, the analysis was run
with the standard parameters, and the NCTC11129 strain genome (GenBank accession
number NZ_LR134222.1) was used as a reference sequence. The analysis was run with
the default parameters: a minimal depth at SNP positions was 10 reads along with a
relative depth at SNP positions of 10%, a minimal distance between SNPs was of 10 bp,
a minimal SNPs quality was 30, a minimal Z-score was of 1.96, a minimal SNP quality was
30, and a minimal read mapping quality was of 25. The Z-score expresses the confidence
with which a base was called at a given position, and the Z-score was 1.96. Number of
SNPs exhibited among closely related isolates was calculated using a distance matrix
file generated as a result of phylogeny (37). The output core alignment file was used
to construct the Maximum-likelihood tree with 1,000 bootstrap replications, by using
MEGA-X v 10.0.5 (https://www.megasoftware.net’/home) (38). The phylogenetic tree of
the alignments was visualized and edited by iTOL v 4.4.2 software (https://itol.embl.de)
(39). Genomes of the sequenced isolates covered 70% of the NCTC11129 reference
genome. The phylogenetic tree showed that among 34 distinct E. coli strains, 2 belong
to unknown STs and 32 belong to 8 ST types: ST405 (n = 11), ST167 (n = 7), ST361 (n
=7), ST156 (n = 2), ST2851 (n = 2), ST1702 (n = 2), and ST2450 (n = 1) (Fig. 1). Isolates
exhibiting the same sequence types are grouped closely in the resulting tree. Notably,
the reference genome was grouped with three isolates belong to ST156 and unknown
ST. Interestingly, two isolates PK-5055 and PK-5037 from ST-1702 and one isolate of
unknown ST grouped with isolates belong to ST167. We noticed that two E. coli strains
belonging to unknown STs were isolated from urine culture. The other 25 and 7 E. coli
strains isolated from urine and pus cultures, respectively, were distributed among all
eight sequence types. We further determined the SNPs distance of the core genome.
SNPs matrix in the final dataset revealed a minimum of six SNPs and a maximum of
41,296 SNPs detected between all examined genomes. The core alignment showed that
in ST405, isolates PK5140 and PK5141 differed from each other by nine SNPs. In ST361,
there was a difference of 26 SNPs between the isolates PK-5027 and PK-5034 and 5099
and 5172. Similarly, in ST167 isolates 5112 and PK-5198 and in ST2851, isolates PK5224
and PK5238 differed by 28 and 71 SNPs (Table S3).

Comparative analysis of plasmids

Genomic DNA of 10 isolates (PK-5055, PK-5081, PK-5099, PK-5112, PK-5144, PK-5160,
PK-5171, PK-5172, PK-5209, and PK-5224) were selected according to phylogenetic
analysis to be sequenced with the MinlON long-read platform for comparative analysis
of plasmids. Basic information on blaypp harboring plasmids in these isolates was
summarized in Table 2. Isolates PK-5055, PK-5224, and PK-5209 harbored blanppm-s,
blanpm-s, and blanpm-21 gene, respectively, on IncFll-IncFIA plasmid. In isolates PK-5081
and PK-5171, blanpm-s gene was located on IncFll-IncFIA-IncFIB plasmid. Similarly,
PK-5160, PK-5172, PK-5099, and PK-5144 harbored blanpm-1, blanpm-s, blanpm-20, and
blanpm-s gene, respectively, on IncHI2, IncFll, IncFIA, and IncFIB plasmids, respectively.
In PK-5112, the blanppm-5 gene was found on the ColKP3-IncFll-IncFIA plasmid (Table 2).
BLASTn analysis revealed that pPK-5099, pPK-5209, pPK-5224, pPK-5112, pPK-5055, and
pPK-5172 shared homology with plasmid p52148-NDM-5 (Accession no. CP050384.1) of
E. coli strain 52148 isolated from urine sample of human in 2019 in Prague with identity
99.70%, 99.23%, 99.63%, 99.91%, 99.90%, and 98.58% at coverage 100%, 96%, 91%, 80%,
74%, and 62%, respectively (Fig. 2A). BLAST search of pPK-5081 and pPK-5144 exhibited
identity 99.94% and 99.89% at coverage of 98% and 87% with plasmid p_dm655_NDM5
(Accession no. CP095638.1) of E. coli strain dm655 isolated from human blood sample
in Bangladesh in 2017 and plasmid pNDM_P30_L1_05.20 (Accession no. CP085061.1)
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of E. coli strain P30_L1_05.20 isolated from human rectal sample in the UK in 2020,
respectively (Fig. 2B). Similarly, BLASTn analysis of pPK-5171 revealed its 99.93% identity
with p6755K2_B (Accession No. CP027703.1),and pMB5823_1 plasmid (Accession No.
CP103646.1) at 98% and 85% of coverage, respectively (Fig. 2C). Plasmids p675SK2_B
and pMB5823_1 of E. coli strains 6755K2 and 961 were isolated from wastewater in
Switzerland in 2016 and blood samples of humans in the USA in 2018, respectively.
IncHI2 type blanpp-1 bearing plasmid pPK-5160-blanpm-1 was detected in the PK-5160
strain. BLASTn analysis of pPK-5160 against the NCBI nr database showed that pPK-5160-
blanpm-1 shared 99.71% identity at 86% and 85% coverage with plasmids pXJW9B277-
HI2-N (Accession No. CP068042.1) and pL1 (Accession No. CP071712.1) of E. coli strains
XJWO9B277, and EC20017429 isolated from bovine cell culture in China in 2018 and
gastroenteritis sample of human in Canada in 2017, respectively (Fig. 2D).

Genetic environment of blaypy gene

The genetic environment around the blaypy gene located on IncF
plasmids can be classified into three types of groups. These regions
carrying by blaxpm gene  were surrounded by IS26. For  group
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FIG 1 Phylogenetic tree of all 34 blaypm-positive E. coli isolates.
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FIG2 (A, B, C, and D). Circular comparison of different IncF plasmids bearing blaypwm gene.

A (IS26-AISAba125-blanpm-blempL-trpF-ISCR1-sul1-qacE-aadA2-dfrA12-Intl1-1S26-ATnAST),
the flanking genetic structure of blaypy gene was composed of an /526 and incom-
plete ISAba125 interrupted by insertion sequence ISCR1 and the genes blepg. (bleomy-
cin resistance), trpF (phosphoribosylanthranilate isomerase), sull (sulfonamide-resistant
dihydropteroate synthase), gacE (quaternary ammonium compound resistance protein),
aadA2 (aminoglycoside nucleotidyltransferase), dfrA12 (dihydrofolate reductase), and
IntlT (class one integron integrase) located downstream. Furthermore, this group also
has downstream addition of ATnAST associated with /S26. Compared with group
A, group B (IS26-1526-AISAba125-blanpm-blemgL-trpF-ISCR1-sul 1-qacE-aadA2-dfrA12-Intl1-
IS26-AThAST1) includes another IS26 upstream addition and completed downstream
deletion of ATnAST. Group C (IS26-AISAba125-blaypm-blempL-troF-ISCR1-sul1-qacE-aadA2-
dfrA12-Intl1-ATnAS3-1S26) includes the downstream addition of AThAS3 associated with
oppositely directed /S26 (Fig. 3).

TABLE 2 Characteristics of E. coli strains harboring blaypm gene

Isolate ID Plasmid Plasmid type G + C content Size (bp)
PK-5055 PPK-5055-blanpm-5 IncFll-IncFIA 53.8% 138,592
PK-5081 pPPK-5081-blanpm-s5 IncFll-IncFIA-IncFIB 51.5% 145,982
PK-5099 PPK-5099-blanpm-20 IncFIA 54.7% 45613
PK-5112 PPK-5112-blanpm-s ColKP3-IncFll-IncFIA 52.6% 160,549
PK-5144 PPK-5144-blanpm-5 IncFIB 52.4% 166,610
PK-5160 PPK-5160-blanpm-1 IncHI2 45.9% 238,344
PK-5171 pPPK-5171-blanpm-s5 IncFll-IncFIA-IncFIB 51.9% 171,801
PK-5172 PPK-5172-blanpm-5 IncFll 51.6% 126,392
PK-5209 PPK-5209-blanpm-21 IncFll-IncFIA 52.9% 121,303
PK-5224 PPK-5224-blanpm-s IncFll-IncFIA 52.7% 102,257
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FIG 3 Three (A-C) major types of blaypm-bearing genetic contexts among the blaypy-bearing IncF-type plasmids.

One IncHI2 type blanpm-1 bearing plasmid pPK-5160-blanpm-1 was also identified in
the PK-5160 strain. The core genetic environment of the blaypm-1 gene in this plasmid
contains multiple antibiotic resistance genes including tetR, tetA, blaypm-1, and blepgL
surrounded by 1S26 and 1S3000 upstream and downstream from blanpm-1 (Fig. 4).

Clinical E. coli isolates and G. mellonella mortality

Pathogenicity of all clinical E. coli strains belonging to the ST-405 (n = 11), ST-361 (n = 8),
and ST-167 (n = 7) was determined in G. mellonella larvae, dose titration was performed
with culture 10° to 107 colony forming units. Two groups of 10 larvae were also injected
with PBS and KP-2, a pathogenic strain, as a negative and positive control, respectively.
Percentage survival of worms was observed for post-infection 72 h. Dose dependent
survival was observed, as inoculum concentration 107 killed more larvae than 10° and
10°. PBS control injected larvae all remained alive over the 3 d time course. In contrast,
KP-2 killed 80% of larvae during the time course. Larvae injected with isolates of ST-405,
ST-167, and ST-351 showed more than 70%, 70%, and 80% survival, respectively (Fig. 5).

DISCUSSION

AMR has been referred to as “the silent tsunami facing modern medicine.” This study
was designed to provide insights into the genomic epidemiology of clinical E. coli
isolates in hospital settings in Pakistan by a whole-genome sequencing approach. E.
coli is responsible for causing multiple community-acquired and nosocomial infections,
including bacteremia, UTI, septicemia, wounds, and catheter-associated infections (40).
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FIG 4 Genetic elements surrounding the blanpy gene on IncHI2 plasmid.
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FIG 5 Kaplan-Meier curves A, B, and C show the percentage of G. mellonella survival for 72 h post-infection with carbapenem-resistant strains of E. coli

belonging to ST-405, ST-167, and ST-361, respectively.

In the current study, the majority of E. coli isolates were isolated from samples of urine
(79%) and pus (21%). These findings agree with another study in Pakistan that found
the prevalence of EXPEC isolates at 62.7% and 24.3% from urine and pus samples,
respectively (24). Another study performed in Pakistan showed that E. coli causes 73%
of nosocomial UTls (41). These outcomes differ from a study in Peshawar, Pakistan that
documented the prevalence of E. coli isolates at 12% and 21% from pus and urine
cultures, respectively, whereas none of E. coli strains were isolated from blood cultures
(42). These differences in the prevalence of E. coli isolates from urine and pus cultures
could be associated with variations in sample size, demographic characteristics, and
methodology of research or perhaps virulence of locally carried strains.

The emergence of MDR E. coli isolates is causing therapeutic failures that are a serious
public health threat and lead to high morbidities and mortalities in hospital settings (43).
This study reported a high resistance rate for fluoroquinolones (95-100%), cephalospor-
ins (88-95%), penicillins (82-97%), and aminoglycosides (58%). These findings are in
agreement with the recent studies reporting increasing AMR in the South Asian region
(44, 45). A recent study analyzed the AMR rates for GLASS specified pathogen/antimicro-
bials combination from Pakistan (2006-2018) and reported a high resistance rate (>50%)
to fluoroquinolones, 3rd generation cephalosporins among the E. coli and K. pneumoniae
(46). The variation in results may be due to the variation in quality and standardization of
antimicrobial sensitivity testing methods used in hospitals.

Our study exhibited the prevalence of multiple blaypy variants such as blanpm-1,
blanpm-s. blanpm-20, and blanpm-21, among clinical E. coli isolates. These findings are
similar to other studies that indicate the widespread distribution of carbapenemases
genes globally (47-50). In this study, NDM-5 was observed to be most prevalent among
the carbapenem-resistant E. coli isolates, similar to other studies published in Pakistan
and China (33, 51). Since the isolation of blanpm-s in Henan in 2013, its detection
rate is continuously increasing, and now it has emerged as a prominent subtype of
blanpwm (52). Several factors responsible for the dissemination of blaypy-carrying isolates
include irrational use of broad-spectrum antimicrobials, self-medication, easy availability
of antimicrobials at pharmacies without the prescription of doctors, and substandard
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antimicrobials. All these factors are also considered a prominent source of the horizontal
spread of superbugs among individuals (53).

To have better knowledge regarding the virulence potential of isolates, it is necessary
to know the occurrence of virulence genes among these isolates. The most frequently
occurring virulence genes among carbapenem-resistant E. coli isolates in this study
are terC, traT, gad, sitA, fyuA, irp2, CapU, and iss. These findings differ from the studies
conducted in Iran and Egypt that reported the presence of tral, fimH,iutA, csgA, hlyA,
and crl genes more frequently in carbapenem-resistant EXPEC isolates and revealed that
UPEC isolates were more pathogenic than others (54). The prevalence of traT gene
contributes to the serum resistance of isolates as they become able to avoid complement
systems, which increases the risk of causing septic shock and the rate of mortality (55).
Pathogenicity of E. coli isolates was further examined by establishing the G. mellonella
model experiment. We observed dose dependent response on larval survival, as the
survival of larvae decreases by increasing the inocula of E. coli strains. In this study,
most isolates with the exception of PK-5081, PK-5127, PK-5138, and PK-5178 showed
negligible pathogenicity. This is likely due to the fact that many of the E. coli strains
carried in Pakistan are of low virulence potential with only a few strains possessing
additional virulence factors such as iucG, iutA, sat, kpsk, kpsMIl_K5, and papA_F43 found
in more pathogenic strains listed above. Another study used the G. mellonella model
to examine the pathogenicity of EXPEC isolates and presented a notable correlation
between the virulence potential of isolates and virulence gene repertoire. The higher
number of virulence genes in EXPEC isolates was responsible for the rapid death of the
larvae (56).

We found diverse E. coli STs, the most predominant was ST-405 followed by ST-167
and ST-361. Our findings are similar to another study conducted in Pakistan that reported
ST405 in E. coli isolates (51). The most pathogenic isolate of NDM-producing E. coli
belonging to ST405 is most commonly present in Asia and other regions of the world
(57-60). ST167 NDM-producing E. coli strains are causing infections worldwide (61, 62),
which created great interest and attention. Notably, E. coli strains carrying the blanpm
gene belonging to ST167 have been reported in companion animals (63, 64), which
suggests the transmission of ST167 E. coli harboring the blanpm-5 gene between humans
and animals. Notably, we did not find any E. coli strain positive for the blanpy gene
associated with ST131 in the current study.

The plasmid replicon typing analysis revealed different replicon types including IncF,
Incl1, Incl2, IncX3, and IncY. IncF replicon type was most common in this study with
sub-replicons such as IncFIA, IncFll, IncFIC, and IncFIB. In previous studies, different
plasmid types harboring the blaypym gene reported include IncFIA, IncFIB (65), IncHI1,
IncFlIA, and IncN (66), IncX3 (67), IncB/O (68), IncFIC, IncF, and IncK (69), and IncY, IncA/C,
and Incl1 (70). Plasmids can acquire different resistance genes or transposons and are
responsible for the spread of high levels of AMR (8). Out of 34 isolates, 10 harbored Incl1
plasmid, which belongs to the narrow range of host plasmid type and was only observed
in Enterobacterales. Several studies have suggested that Incl1 plasmids predominantly
carry genes encoding for AMR, particularly for the ESBLs genes (71, 72).

Conclusion

Carbapenem-resistance has been considered as one of the most significant menaces
to global healthcare, and the prevalence of NDM variants in clinical E. coli isolates has
further increased this threat. Therefore, early detection of the blaypy possessing E. coli
isolates with any decreased sensitivity to the carbapenems is crucial for choosing the
most appropriate antibiotic therapy and applying additional efficient infection control
measures. The limited use of antibiotics, particularly carbapenems and cephalosporins,
may help to prevent the emergence of such resistance-patterns. Furthermore, robust and
comprehensive infection control management in the hospital is required to avoid such
infections.

September/October 2023 Volume 11  Issue 5

Microbiology Spectrum

10.1128/spectrum.00584-23 13

Downloaded from https://journals.asm.org/journal/spectrum on 20 June 2024 by 178.153.48.108.


https://doi.org/10.1128/spectrum.00584-23

Research Article Microbiology Spectrum

AUTHOR AFFILIATIONS

'Institute of Microbiology, University of Agriculture, Faisalabad, Pakistan

’Department of Medical Microbiology, School of Medicine, Institute of Infection and
Immunity, Cardiff University, Cardiff, United Kingdom

*Biomedical Research Center, Qatar University, Doha, Qatar

AUTHOR ORCIDs

Mark A. Toleman @ http://orcid.org/0000-0002-9497-0512

FUNDING
Funder Grant(s) Author(s)
International Research Support Project No. 1-8/HEC/HRD/ Sabahat Abdullah

Initiative Scheme, Higher Education 2021/10873
Commission (HEC), Pakistan

AUTHOR CONTRIBUTIONS

Sabahat Abdullah, Formal analysis, Investigation, Methodology, Visualization, Writing —
original draft | Abdulrahman Almusallam, Investigation, Methodology | Mei Li, Inves-
tigation, Methodology | Muhammad Shahid Mahmood, Investigation, Methodology |
Nahla O. Eltai, Investigation, Methodology | Mark A. Toleman, Conceptualization, Formal
analysis, Investigation, Methodology, Resources, Software, Supervision, Writing - original
draft, Writing - review and editing | Mashkoor Mohsin, Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology, Project administra-
tion, Resources, Software, Supervision, Validation, Visualization, Writing - original draft,
Writing — review and editing.

DATA AVAILABILITY

The genomes of E. coli isolates have been submitted to the NCBI BioProject database
under accession number PRJINA932156.

ETHICS APPROVAL

This study was approved by the Institutional Biosafety Committee (IBC) D. No. 8025/ORIC
of University of Agriculture, Faisalabad.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Table S1 (Spectrum00584-23-50001.docx). Antimicrobial susceptibility.
Supplemental Table S2 (Spectrum00584-23-5S0002.docx). Isolate descriptions.
Supplemental Table S3 (Spectrum00584-23-S0003.xIsx). Number of SNPs exhibited
between each isolate.

Open Peer Review

PEER REVIEW HISTORY (review-history.pdf). An accounting of the reviewer comments

and feedback.

REFERENCES

1. Breijyeh Z, Jubeh B, Karaman R. 2020. Resistance of gram-negative 2. Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A,
bacteria to current antibacterial agents and approaches to resolve it. Han C, Bisignano C, Rao P, Wool E, Johnson SC, Browne AJ, Chipeta MG,
Molecules 25:1340. https://doi.org/10.3390/molecules25061340 Fell F, Hackett S, Haines-Woodhouse G, Kashef Hamadani BH, Kumaran

September/October 2023 Volume 11  Issue 5 10.1128/spectrum.00584-23 14

Downloaded from https://journals.asm.org/journal/spectrum on 20 June 2024 by 178.153.48.108.


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA932156
https://doi.org/10.1128/spectrum.00584-23
https://doi.org/10.3390/molecules25061340
https://doi.org/10.1128/spectrum.00584-23

Research Article

September/October 2023 Volume 11

EAP, McManigal B, Achalapong S, Agarwal R, Akech S, Albertson S,
Amuasi J, Andrews J, Aravkin A, Ashley E, Babin F-X, Bailey F, Baker S,
Basnyat B, Bekker A, Bender R, Berkley JA, Bethou A, Bielicki J,
Boonkasidecha S, Bukosia J, Carvalheiro C, Castafieda-Orjuela C,
Chansamouth V, Chaurasia S, Chiurchiu S, Chowdhury F, Clotaire
Donatien R, Cook AJ, Cooper B, Cressey TR, Criollo-Mora E, Cunningham
M, Darboe S, Day NPJ, De Luca M, Dokova K, Dramowski A, Dunachie SJ,
Duong Bich T, Eckmanns T, Eibach D, Emami A, Feasey N, Fisher-Pearson
N, Forrest K, Garcia C, Garrett D, Gastmeier P, Giref AZ, Greer RC, Gupta V,
Haller S, Haselbeck A, Hay SI, Holm M, Hopkins S, Hsia Y, Iregbu KC,
Jacobs J, Jarovsky D, Javanmardi F, Jenney AWJ, Khorana M, Khusuwan S,
Kissoon N, Kobeissi E, Kostyanev T, Krapp F, Krumkamp R, Kumar A, Kyu
HH, Lim C, Lim K, Limmathurotsakul D, Loftus MJ, Lunn M, Ma J,
Manoharan A, Marks F, May J, Mayxay M, Mturi N, Munera-Huertas T,
Musicha P, Musila LA, Mussi-Pinhata MM, Naidu RN, Nakamura T,
Nanavati R, Nangia S, Newton P, Ngoun C, Novotney A, Nwakanma D,
Obiero CW, Ochoa TJ, Olivas-Martinez A, Olliaro P, Ooko E, Ortiz-Brizuela
E, Ounchanum P, Pak GD, Paredes JL, Peleg AY, Perrone C, Phe T,
Phommasone K, Plakkal N, Ponce-de-Leon A, Raad M, Ramdin T,
Rattanavong S, Riddell A, Roberts T, Robotham JV, Roca A, Rosenthal VD,
Rudd KE, Russell N, Sader HS, Saengchan W, Schnall J, Scott JAG,
Seekaew S, Sharland M, Shivamallappa M, Sifuentes-Osornio J, Simpson
AJ, Steenkeste N, Stewardson AJ, Stoeva T, Tasak N, Thaiprakong A,
Thwaites G, Tigoi C, Turner C, Turner P, van Doorn HR, Velaphi S,
Vongpradith A, Vongsouvath M, Vu H, Walsh T, Walson JL, Waner S,
Wangrangsimakul T, Wannapinij P, Wozniak T, Young Sharma T, Yu KC,
Zheng P, Sartorius B, Lopez AD, Stergachis A, Moore C, Dolecek C,
Naghavi M. 2022. Global burden of bacterial antimicrobial resistance in
2019: a systematic analysis. Lancet 399:629-655. https://doi.org/10.
1016/50140-6736(21)02724-0

Meletis G. 2016. Carbapenem resistance: overview of the problem and
future perspectives. Ther Adv Infect Dis 3:15-21. https://doi.org/10.
1177/2049936115621709

Martin A, Fahrbach K, Zhao Q, Lodise T. 2018. Association between
carbapenem resistance and mortality among adult, hospitalized
patients with serious infections due to Enterobacteriaceae: results of a
systematic literature review and meta-analysis. Open Forum Infect Dis
5:0fy150. https://doi.org/10.1093/0fid/ofy150

Xu 'Y, Gu B, Huang M, Liu H, Xu T, Xia W, Wang T. 2015. Epidemiology of
carbapenem resistant Enterobacteriaceae (CRE) during 2000-2012 in Asia.
J Thorac Dis 7:376-385. https://doi.org/10.3978/j.issn.2072-1439.2014.
12.33

Pakistan antimicrobial resistance network. 2016. Available from: http://
www.parn.org.pk/index.html. 20 Jul 2016.

Nordmann P, Naas T, Poirel L. 2011. Global spread of carbapenemase-
producing Enterobacteriaceae. Emerg Infect Dis 17:1791-1798. https://
doi.org/10.3201/eid1710.110655

Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K, Walsh TR.
2009. Characterization of a new metallo-beta-lactamase gene,
bla(NDM-1), and a novel erythromycin esterase gene carried on a unique
genetic structure in Klebsiella pneumoniae sequence type 14 from India.
Antimicrob Agents Chemother 53:5046-5054. https://doi.org/10.1128/
AAC.00774-09

Naas T, Oueslati S, Bonnin RA, Dabos ML, Zavala A, Dortet L, Retailleau P,
lorga Bl. 2017. Beta-lactamase database (BLDB)-structure and function. J
Enzyme Inhib Med Chem 32:917-919. https://doi.org/10.1080/
14756366.2017.1344235

Khan AU, Maryam L, Zarrilli R. 2017. Structure, genetics and worldwide
spread of New Delhi metallo-B-lactamase (NDM): a threat to public
health. BMC Microbiol 17:101. https://doi.org/10.1186/512866-017-1012-
8

Pitout JDD, Nordmann P, Poirel L. 2015. Carbapenemase-producing
Klebsiella pneumoniae, a key pathogen set for global nosocomial
dominance. Antimicrob Agents Chemother 59:5873-5884. https://doi.
org/10.1128/AAC.01019-15

Logan LK, Weinstein RA. 2017. The epidemiology of carbapenem-
resistant Enterobacteriaceae: the impact and evolution of a global
menace. J Infect Dis 215:528-536. https://doi.org/10.1093/infdis/jiw282
Gamal D, Egea P, Elias C, Ferndndez-Martinez M, Causse M, Pérez-
Nadales E, Salem D, Fam N, Diab M, Aitta AA, El-Defrawy |, Martinez-
Martinez L. 2020. High-risk clones and novel sequence type ST4497 of
Klebsiella pneumoniae clinical isolates producing different alleles of

Issue 5

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Microbiology Spectrum

NDM-type and other carbapenemases from a single tertiary-care centre
in Egypt. Int J Antimicrob Agents 56:106164. https://doi.org/10.1016/j.
ijjantimicag.2020.106164

Acman M, Wang R, van Dorp L, Shaw LP, Wang Q, Luhmann N, Yin Y, Sun
S, Chen H, Wang H, Balloux F. 2022. Role of mobile genetic elements in
the global dissemination of the carbapenem resistance gene bla NDM.
Nat Commun 13:1131. https://doi.org/10.1038/5s41467-022-28819-2
Perry JD, Naqvi SH, Mirza IA, Alizai SA, Hussain A, Ghirardi S, Orenga S,
Wilkinson K, Woodford N, Zhang J, Livermore DM, Abbasi SA, Raza MW.
2011. Prevalence of faecal carriage of Enterobacteriaceae with NDM-1
carbapenemase at military hospitals in Pakistan, and evaluation of two
chromogenic media. J Antimicrob Chemother 66:2288-2294. https://doi.
org/10.1093/jac/dkr299

Taccone FS. 2012. Optimising amikacin regimens in septic patients. Int J
Antimicrob Agents 39:264-265. https://doi.org/10.1016/j.ijantimicag.
2011.10.007

Khan E, Irfan S, Sultan BA, Nasir A, Hasan R. 2016. Dissemination and
spread of New Delhi metallo-B-lactamase-1 superbugs in hospital
settings. J Pakistan Med Assoc 66:999-1004.

Qamar MU, Nahid F, Walsh TR, Kamran R, Zahra R. 2015. Prevalence and
clinical burden of NDM-1 positive infections in pediatric and neonatal
patients in Pakistan. Pediatr Infect Dis J 34:452-454. https://doi.org/10.
1097/INF.0000000000000582

Rashid F, Masood R, Faiz M. 2020. Prevalence of New Delhi metallo beta-
lactamase (NDM) producing gram-negative bacteria from different
tertiary care hospitals in Lahore, Pakistan. PJZ 52:1209. https://doi.org/
10.17582/journal.pjz/20190201050207

Hadjadj L, Syed MA, Abbasi SA, Rolain J-M, Jamil B. 2021. Diversity of
carbapenem resistance mechanisms in clinical gram-negative bacteria in
Pakistan. Microb Drug Resist 27:760-767. https://doi.org/10.1089/mdr.
2019.0387

Nosheen S, Irfan Bukhari N, Junaid K, Anwar N, Ahmad F, Younas S, Ejaz
H. 2021. Phylogenetic diversity and mutational analysis of New Delhi
metallo-B-lactamase (NDM) producing E. coli strains from pediatric
patients in Pakistan. Saudi J Biol Sci 28:5875-5883. https://doi.org/10.
1016/j.5j05.2021.06.037

Sarwar F, Rasool MH, Khurshid M, Qamar MU, Aslam B. 2022. Escherichia
coli isolates harboring bla NDM variants and 16S methylases belonging
to clonal complex 131 in Southern Punjab, Pakistan. Microb Drug Resist
28:623-635. https://doi.org/10.1089/mdr.2021.0315

Ain NU, Abrar S, Sherwani RAK, Hannan A, Imran N, Riaz S. 2020.
Systematic surveillance and meta-analysis on the prevalence of metallo-
B-lactamase producers among carbapenem resistant clinical isolates in
Pakistan. J Glob Antimicrob Resist 23:55-63. https://doi.org/10.1016/j.
jgar.2020.07.024

Zeb Z, Azam S, Rehman N, Khan |, Afzal S, Sehra G-E, Ullah A, Absar M.
2021. Phenotypic and molecular characterization of virulence factors of
extra-intestinal pathogenic Escherichia coli isolated from patients of
Peshawar, Pakistan. Pak J Pharm Sci 34:85-94.

Lee TD, Adie K, McNabb A, Purych D, Mannan K, Azana R, Ng C, Tang P,
Hoang LMN. 2015. Rapid detection of KPC, NDM, and OXA-48-like
carbapenemases by real-time PCR from rectal swab surveillance
samples. J Clin Microbiol 53:2731-2733. https://doi.org/10.1128/JCM.
01237-15

European Committee on Antimicrobial Susceptibility Testing (EUCAST).
2022. Breakpoint tables for interpretation of MICs and zone diameters.
Accessed 30 June 2022. Available from: https://www.eucast.org

Zahra R, Javeed S, Malala B, Babenko D, Toleman MA. 2018. Analysis of
Escherichia coli STs and resistance mechanisms in sewage from
islamabad, Pakistan indicates a difference in E. coli carriage types
between South Asia and Europe. J Antimicrob Chemother 73:1781-
1785. https://doi.org/10.1093/jac/dky109

Chowdhury G, Ramamurthy T, Das B, Ghosh D, Okamoto K, Miyoshi S,
Dutta S, Mukhopadhyay AK. 2022. Characterization of NDM-5
carbapenemase-encoding gene (BLA NDM-5)-positive multidrug
resistant commensal Escherichia coli from diarrheal patients. Infect Drug
Resist 1:3631-3642. https://doi.org/10.2147/IDR.S364526

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell

10.1128/spectrum.00584-23 15

Downloaded from https://journals.asm.org/journal/spectrum on 20 June 2024 by 178.153.48.108.


https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1177/2049936115621709
https://doi.org/10.1093/ofid/ofy150
https://doi.org/10.3978/j.issn.2072-1439.2014.12.33
http://www.parn.org.pk/index.html
https://doi.org/10.3201/eid1710.110655
https://doi.org/10.1128/AAC.00774-09
https://doi.org/10.1080/14756366.2017.1344235
https://doi.org/10.1186/s12866-017-1012-8
https://doi.org/10.1128/AAC.01019-15
https://doi.org/10.1093/infdis/jiw282
https://doi.org/10.1016/j.ijantimicag.2020.106164
https://doi.org/10.1038/s41467-022-28819-2
https://doi.org/10.1093/jac/dkr299
https://doi.org/10.1016/j.ijantimicag.2011.10.007
https://doi.org/10.1097/INF.0000000000000582
https://doi.org/10.17582/journal.pjz/20190201050207
https://doi.org/10.1089/mdr.2019.0387
https://doi.org/10.1016/j.sjbs.2021.06.037
https://doi.org/10.1089/mdr.2021.0315
https://doi.org/10.1016/j.jgar.2020.07.024
https://doi.org/10.1128/JCM.01237-15
https://www.eucast.org
https://doi.org/10.1093/jac/dky109
https://doi.org/10.2147/IDR.S364526
https://doi.org/10.1128/spectrum.00584-23

Research Article

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

September/October 2023 Volume 11

sequencing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb.
2012.0021

Carattoli A, Hasman H. 2020. Plasmidfinder and in silico pMLST:
identification and typing of plasmid replicons in whole-genome
sequencing (WGS). Methods Mol Biol 2075:285-294. https://doi.org/10.
1007/978-1-4939-9877-7_20

Wick RR, Judd LM, Holt KE. 2019. Performance of neural network
basecalling tools for Oxford Nanopore sequencing. Genome Biol 20:129.
https://doi.org/10.1186/513059-019-1727-y

Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial
genome assemblies from short and long sequencing reads. PLoS
Comput Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595
Baloch Z, Lv L, Yi L, Wan M, Aslam B, Yang J, Liu JH. 2019. Emergence of
almost identical F36: A-: B32 plasmids carrying bla NDM-5 and qgepA in
Escherichia coli from both Pakistan and Canada. Infect Drug Resist
30:3981-3985. https://doi.org/10.2147/IDR.S236766

Wick RR, Holt KE. 2022. Polypolish: short-read polishing of long-read
bacterial genome assemblies. PLoS Comput Biol 18:21009802. https://
doi.org/10.1371/journal.pcbi.1009802

Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome comparison
visualizer.  Bioinformatics ~ 27:1009-1010.  https://doi.org/10.1093/
bioinformatics/btr039

Chen RY, Keddie BA, Barribeau S. 2021. The Galleria mellonella-
enteropathogenic Escherichia coli model system: characterization of
pathogen virulence and insect immune responses. J Insect Sci 21:7.
https://doi.org/10.1093/jisesa/ieab046

Kaas RS, Leekitcharoenphon P, Aarestrup FM, Lund O, Friedrich A. 2014.
Solving the problem of comparing whole bacterial genomes across
different sequencing platforms. PLoS ONE 9:e104984. https://doi.org/10.
1371/journal.pone.0104984

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol Biol Evol
35:1547-1549. https://doi.org/10.1093/molbev/msy096

Letunic |, Bork P. 2019. Interactive tree of life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res 47:W256-W259. https://doi.
org/10.1093/nar/gkz239

Lee DS, Lee SJ, Choe HS. 2018. Community-acquired urinary tract
infection by Escherichia coli in the era of antibiotic resistance. Biomed
Res Int 2018:7656752. https://doi.org/10.1155/2018/7656752

Tanvir R, Hafeez R, Hasnain S. 2012. Prevalence of multiple drug resistant
Escherichia coli in patients of urinary tract infection registering at a
diagnostic laboratory in Lahore Pakistan. Pak J Zool 44:707-712.
Khokhar M, Khattak M, Ishag MS, Muhammad A. 2016. Analysis of clinical
samples for E. coli along with molecular docking of pbplb with
cefoperazone and ctx-M-14 with ceftriaxone. Khyber J of Medi Sci 9:29-
37.

Abdullah S, Rahman SU, Muhammad F, Mohsin M. 2023. Association
between antimicrobial consumption and resistance rate of Escherichia
coli in hospital settings. J Appl Microbiol 134:1xac003. https://doi.org/10.
1093/jambio/Ixac003

Chaurasia S, Sivanandan S, Agarwal R, Ellis S, Sharland M, Sankar MJ.
2019. Neonatal sepsis in South Asia: huge burden and spiralling
antimicrobial resistance. BMJ 364:k5314. https://doi.org/10.1136/bmj.
k5314

Malchione MD, Torres LM, Hartley DM, Koch M, Goodman JL. 2019.
Carbapenem and colistin resistance in Enterobacteriaceae in Southeast
Asia: review and mapping of emerging and overlapping challenges. Int J
Antimicrob Agents 54:381-399. https://doi.org/10.1016/j.ijantimicag.
2019.07.019

Saeed DK, Farooqi J, Shakoor S, Hasan R. 2021. Antimicrobial resistance
among GLASS priority pathogens from Pakistan: 2006-2018. BMC Infect
Dis 21:1231. https://doi.org/10.1186/512879-021-06795-0

Jesumirhewe C, Springer B, Lepuschitz S, Allerberger F, Ruppitsch W.
2017. Carbapenemase-producing Enterobacteriaceae isolates from Edo
state, Nigeria. Antimicrob Agents Chemother 61:00255-17. https://doi.
org/10.1128/AAC.00255-17

Olalekan A, Onwugamba F, Iwalokun B, Mellmann A, Becker K,
Schaumburg F. 2020. High proportion of carbapenemase-producing
Escherichia coli and Klebsiella pneumoniae among extended-spectrum B-
lactamase-producers in Nigerian hospitals. J Glob Antimicrob Resist
21:8-12. https://doi.org/10.1016/j.jgar.2019.09.007

Issue 5

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

Microbiology Spectrum

Olowo-Okere A, Ibrahim YKE, Olayinka BO, Ehinmidu JO, Mohammed Y,
Nabti LZ, Rolain J-M, Diene SM. 2020. Phenotypic and genotypic
characterization of clinical carbapenem-resistant Enterobacteriaceae
isolates from Sokoto, Northwest Nigeria. New Microbes New Infect
37:100727. https://doi.org/10.1016/j.nmni.2020.100727

Shettima SA, Tickler IA, Dela Cruz CM, Tenover FC. 2020. Characterisation
of carbapenem-resistant gram-negative organisms from clinical
specimens in Yola, Nigeria. J Glob Antimicrob Resist 21:42-45. https:/
doi.org/10.1016/j.,jgar.2019.08.017

Qamar MU, Mustafa G, Qaisar U, Azeem F, Shahid M, Manzoor |, Qasim
M, Abbas T, Shah AA. 2019. Molecular detection of blanpy and blayy in
clinically isolated multi-drug resistant Escherichia coli in Pakistan. Pak J
Pharm Sci 32:2305-2309.

Mei Y, Liu P, Wan L-G, Liu Y, Wang L, Wei D, Deng Q, Cao X. 2017.
Virulence and genomic feature of a virulent Klebsiella pneumoniae
sequence type 14 strain of serotype K2 harboring bla NDM-5 in China.
Front Microbiol 8:335. https://doi.org/10.3389/fmicb.2017.00335
Stapleton PJ, Lundon DJ, McWade R, Scanlon N, Hannan MM, O’Kelly F,
Lynch M. 2017. Antibiotic resistance patterns of Escherichia coli urinary
isolates and comparison with antibiotic consumption data over 10 years,
2005-2014. Ir J Med Sci 186:733-741. https://doi.org/10.1007/s11845-
016-1538-z

Abd EI-Baky RM, Ibrahim RA, Mohamed DS, Ahmed EF, Hashem ZS. 2020.
Prevalence of virulence genes and their association with antimicrobial
resistance among pathogenic E. coli isolated from Egyptian patients with
different clinical infections. Infect Drug Resist 13:1221-1236. https://doi.
org/10.2147/IDR.S241073

Miajlovic H, Smith SG. 2014. Bacterial self-defence: how Escherichia coli
evades serum killing. FEMS Microbiol Lett 354:1-9. https://doi.org/10.
1111/1574-6968.12419

Williamson DA, Mills G, Johnson JR, Porter S, Wiles S. 2014. In vivo
correlates of molecularly inferred virulence among extraintestinal
pathogenic Escherichia Coli (EXPEC) in the wax moth Galleria mellonella
model system. Virulence 5:388-393. https://doi.org/10.4161/viru.27912
D'Andrea MM, Venturelli C, Giani T, Arena F, Conte V, Bresciani P,
Rumpianesi F, Pantosti A, Narni F, Rossolini GM. 2011. Persistent carriage
and infection by multidrug-resistant Escherichia coli ST405 producing
NDM-1 carbapenemase: report on the first Italian cases. J Clin Microbiol
49:2755-2758. https://doi.org/10.1128/JCM.00016-11

Wang S, Zhao S-Y, Xiao S-Z, Gu F-F, Liu Q-Z, Tang J, Guo X-K, Ni Y-X, Han
L-Z, Niibel U. 2016. Antimicrobial resistance and molecular epidemiol-
ogy of Escherichia coli causing bloodstream infections in three hospitals
in Shanghai, China. PLoS ONE 11:e0147740. https://doi.org/10.1371/
journal.pone.0147740

Peirano G, Chen L, Nobrega D, Finn TJ, Kreiswirth BN, DeVinney R, Pitout
JDD. 2022. Genomic epidemiology of global carbapenemase-producing
Escherichia coli, 2015-2017. Emerg Infect Dis 28:924-931. https://doi.
org/10.3201/eid2805.212535

Wu W, Feng Y, Tang G, Qiao F, McNally A, Zong Z. 2019. NDM metallo-f3-
lactamases and their bacterial producers in health care settings. Clin
Microbiol Rev 32:e00115-18. https://doi.org/10.1128/CMR.00115-18
Chakraborty T, Sadek M, Yao Y, Imirzalioglu C, Stephan R, Poirel L,
Nordmann P. 2021. Cross-border emergence of Escherichia coli
producing the carbapenemase NDM-5 in Switzerland and Germany. J
Clin Microbiol 59:02238-20. https://doi.org/10.1128/JCM.02238-20
Mari-Almirall M, Ferrando N, Fernandez MJ, Cosgaya C, Vifies J, Rubio E,
Cuscé A, Mufioz L, Pellice M, Vergara A, Campo |, Rodriguez-Serna L,
Santana G, Del Rio A, Francino O, Ciruela P, Ballester F, Marco F, Martinez
JA, Soriano A, Pitart C, Vila J, Roca |, MERCyCAT Study Group. 2021.
Clonal spread and intra-and inter-species Plasmid dissemination
associated with Klebsiella pneumoniae carbapenemase-producing
Enterobacterales during a hospital outbreak in Barcelona, Spain. Front
Microbiol 12:781127. https://doi.org/10.3389/fmicb.2021.781127

Hong JS, Song W, Park HM, Oh JY, Chae JC, Han JI, Jeong SH. 2019. First
detection of new Delhi Metallo-B-lactamase-5-producing Escherichia coli
from companion animals in Korea. Microb Drug Resist 25:344-349. https:
//doi.org/10.1089/mdr.2018.0237

Cole SD, Peak L, Tyson GH, Reimschuessel R, Ceric O, Rankin SC. 2020.
New Delhi metallo-B-lactamase-5-producing Escherichia coli in
companion animals, United States. Emerg Infect Dis 26:381-383. https://
doi.org/10.3201/eid2602.191221

10.1128/spectrum.00584-23 16

Downloaded from https://journals.asm.org/journal/spectrum on 20 June 2024 by 178.153.48.108.


https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1007/978-1-4939-9877-7_20
https://doi.org/10.1186/s13059-019-1727-y
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.2147/IDR.S236766
https://doi.org/10.1371/journal.pcbi.1009802
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/jisesa/ieab046
https://doi.org/10.1371/journal.pone.0104984
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1155/2018/7656752
https://doi.org/10.1093/jambio/lxac003
https://doi.org/10.1136/bmj.k5314
https://doi.org/10.1016/j.ijantimicag.2019.07.019
https://doi.org/10.1186/s12879-021-06795-0
https://doi.org/10.1128/AAC.00255-17
https://doi.org/10.1016/j.jgar.2019.09.007
https://doi.org/10.1016/j.nmni.2020.100727
https://doi.org/10.1016/j.jgar.2019.08.017
https://doi.org/10.3389/fmicb.2017.00335
https://doi.org/10.1007/s11845-016-1538-z
https://doi.org/10.2147/IDR.S241073
https://doi.org/10.1111/1574-6968.12419
https://doi.org/10.4161/viru.27912
https://doi.org/10.1128/JCM.00016-11
https://doi.org/10.1371/journal.pone.0147740
https://doi.org/10.3201/eid2805.212535
https://doi.org/10.1128/CMR.00115-18
https://doi.org/10.1128/JCM.02238-20
https://doi.org/10.3389/fmicb.2021.781127
https://doi.org/10.1089/mdr.2018.0237
https://doi.org/10.3201/eid2602.191221
https://doi.org/10.1128/spectrum.00584-23

Research Article

65.

66.

67.

68.

69.

September/October 2023 Volume 11

Gamal D, Ferndndez-Martinez M, El-Defrawy |, Ocampo-Sosa AA,
Martinez-Martinez L. 2016. First identification of NDM-5 associated with
OXA-181 in Escherichia coli from Egypt. Emerg Microbes Infect 5:e30.
https://doi.org/10.1038/emi.2016.24

Sartor AL, Raza MW, Abbasi SA, Day KM, Perry JD, Paterson DL, Sidjabat
HE. 2014. Molecular epidemiology of NDM-1-producing Enterobacteria-
ceae and Acinetobacter baumannii isolates from Pakistan. Antimicrob
Agents Chemother 58:5589-5593. https://doi.org/10.1128/AAC.02425-
14

Zhang F, Xie L, Wang X, Han L, Guo X, Ni Y, Qu H, Sun J. 2016. Further
spread of bla NDM-5 in Enterobacteriaceae via IncX3 plasmids in
Shanghai, China. Front Microbiol 7:424. https://doi.org/10.3389/fmicb.
2016.00424

An J, Guo L, Zhou L, Ma Y, Luo Y, Tao C, Yang J. 2016. NDM-producing
Enterobacteriaceae in a Chinese hospital, 2014-2015: identification of
NDM-producing Citrobacter erkmanii and acquisition of blaNDM-1-
carrying plasmid in vivo in a clinical Escherichia coli isolate. J Med
Microbiol 65:1253-1259. https://doi.org/10.1099/jmm.0.000357

Ahmad N, Khalid S, Ali SM, Khan AU. 2018. Occurrence of lab NDM
variants among Enterobacteriaceae from a neonatal intensive care unit in

Issue 5

70.

71.

72.

Microbiology Spectrum

a northern India hospital. Front Microbiol 9:407. https://doi.org/10.3389/
fmicb.2018.00407

Wang J, Stephan R, Karczmarczyk M, Yan Q, Hachler H, Fanning S. 2013.
Molecular characterization of bla ESBL-harboring conjugative plasmids
identified in multi-drug resistant Escherichia coli isolated from food-
producing animals and healthy humans. Front Microbiol 4:188. https://
doi.org/10.3389/fmicb.2013.00188

Brouwer MSM, Bossers A, Harders F, van Essen-Zandbergen A, Mevius
DJ, Smith HE. 2014. Complete genome sequences of Incl1 plasmids
carrying extended-spectrum [-lactamase genes. Genome Announc
2:e00859-14. https://doi.org/10.1128/genomeA.00859-14

Valcek A, Roer L, Overballe-Petersen S, Hansen F, Bortolaia V, Leekitchar-
oenphon P, Korsgaard HB, Seyfarth AM, Hendriksen RS, Hasman H,
Hammerum AM. 2019. Incl ST3 and Incl1 ST7 plasmids from CTX-M-1-
producing Escherichia coli obtained from patients with bloodstream
infections are closely related to plasmids from E. coli of animal origin. J
Antimicrob  Chemother 74:2171-2175. https://doi.org/10.1093/jac/
dkz199

10.1128/spectrum.00584-23 17

Downloaded from https://journals.asm.org/journal/spectrum on 20 June 2024 by 178.153.48.108.


https://doi.org/10.1038/emi.2016.24
https://doi.org/10.1128/AAC.02425-14
https://doi.org/10.3389/fmicb.2016.00424
https://doi.org/10.1099/jmm.0.000357
https://doi.org/10.3389/fmicb.2018.00407
https://doi.org/10.3389/fmicb.2013.00188
https://doi.org/10.1128/genomeA.00859-14
https://doi.org/10.1093/jac/dkz199
https://doi.org/10.1128/spectrum.00584-23

	Whole genome-based genetic insights of blaNDM producing clinical E. coli isolates in hospital settings of Pakistant
	MATERIALS AND METHODS
	Isolation of carbapenem-resistant E. coli isolates
	Identification of bacteria
	Molecular identification of the blaNDM gene
	Antimicrobial susceptibility testing
	Pulsed-field gel electrophoresis analysis
	Conjugation experiment
	Whole-genome sequencing and bioinformatics analysis
	G. mellonella pathogenicity model

	RESULTS
	General characteristics, molecular identification, and antibiotic susceptibility of CR-EC isolates
	Pulsed-field gel electrophoresis
	Conjugation
	Resistance determinants
	Virulence genes
	Replicon typing
	Phylogenetic analysis
	Comparative analysis of plasmids
	Genetic environment of blaNDM gene
	Clinical E. coli isolates and G. mellonella mortality

	DISCUSSION
	Conclusion



