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ABSTRACT 1 

Background  2 

Given the high prevalence of multidrug resistance (MDR) across South Asian (SA) hospitals, we 3 

documented the epidemiology of carbapenem resistant Enterobacterales (CRE) infections at 4 

Dhaka Medical College Hospital between October 2016 to September 2017.   5 

Methods  6 

We enrolled patients and collected epidemiology and outcome data. All Enterobacterales were 7 

characterised phenotypically and by whole genome sequencing. Risk assessment for the patients 8 

with CRE were performed compared to patients with carbapenem-susceptible Enterobacterales 9 

(CSE).   10 

Results 11 

10.6% of all 1831 patients with a clinical specimen collected had CRE. In-hospital 30-day 12 

mortality was significantly higher with CRE [50/180 (27.8%)] than CSE [42/312 (13.5%)] 13 

(p=0.001); however, for blood-stream infections, this was insignificant. Out of 643 14 

Enterobacterales isolated, 210 were CRE. blaNDM  was present in 180 isolates, blaOXA-232 in 26, 15 

blaOXA-181 in 24 and blaKPC-2 in 5. Despite this, ceftriaxone was the most commonly prescribed 16 

empirical antibiotic and only 27% patients were prescribed at least one antibiotic to which their 17 

infecting pathogen was susceptible. Significant risk factors for CRE isolation included burns unit 18 

and ICU admission, and prior exposure to levofloxacin, amikacin, clindamycin and meropenem. 19 

E. coli ST167 was the dominant CRE clone.  Clustering suggested clonal transmission of K. 20 

pneumoniae ST15 and the MDR hyper-virulent clone, ST23. The major trajectories involved in 21 

horizontal gene transfer were IncFII and IncX3, IS26, and Tn3.  22 

Conclusion  23 

This is the largest study from a SA public hospital combining outcome, microbiology and 24 

genomics. The findings indicate the urgent implementation of targeted diagnostics, appropriate 25 

antibiotic use and infection control interventions in SA public institutions. 26 

Keywords: Carbapenem-resistant Enterobacterales, nosocomial infections, outbreak, plasmid-27 

mediated resistance, Bangladesh, South Asia  28 
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3 

 Introduction  1 

Carbapenem-resistant Enterobacterales (CRE) are one of the World Health Organisation (WHO) 2 

listed critical priority pathogens [1]. The emergence and spread of CRE in a clinical setting 3 

drastically limit therapeutic options increasing mortality and morbidity [2-4]. Whilst the clonal 4 

expansion of multidrug resistant (MDR) pathogens in nosocomial infections frequently occurs in 5 

settings with poor infection prevention and control (IPC) policies, horizontal gene transfer 6 

(HGT) plays a pivotal role in the spread of antimicrobial resistance (AMR) [3,5].
  

7 

Several studies have documented the burden of carbapenem resistance in healthcare associated 8 

infections in South Asia (SA) [6-8] and the genes, blaNDM and blaOXA-181 have been shown to be 9 

the predominant mechanisms of carbapenem resistance in the region [9-11]. However, there are 10 

significant data gaps and lack of antimicrobial resistance (AMR) surveillance programs in SA 11 

(Supplementary Table 1) [6-8,12-13]. None of the previous studies in SA have described the 12 

impact, burden, and transmission dynamics of CRE by combining epidemiological, clinical, and 13 

genomic data (Supplementary Table 2).  14 

This study was designed to better understand the molecular epidemiology of carbapenem 15 

resistance mechanism at Dhaka Medical College Hospital (DMCH). The combination of whole 16 

genome-based analysis with rigorous epidemiological data provides a powerful spatiotemporal 17 

assessment to explore the mechanisms and drivers of AMR in a Bangladeshi hospital setting.  18 
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Methods  1 

Study design, hospital setting, participants, and sampling 2 

We performed an observational cohort study at DMCH, the largest public hospital setting of 3 

Bangladesh containing 2600 allocated beds, from October 2016 to September 2017. This study 4 

was approved by the Ethical Review Committee of DMCH (Supplementary methods) [14]. 5 

Specimens referred to the DMCH microbiology laboratory for culture and sensitivity based on 6 

local physicians’ clinical judgement on suspected infections were included [15]. Participants’ 7 

demography and clinical information were recorded (Supplementary methods). All isolates 8 

recovered at the DMCH microbiology laboratory were transferred to Cardiff University and 9 

investigated further (n=643) (Figure 1). Patients were enrolled for this study if at least one of 10 

their specimens was positive for Enterobacterales.  11 

Case definition 12 

Isolates were categorised as carbapenem-susceptible Enterobacterales (CSE) if sensitive to both 13 

imipenem and meropenem and CRE if resistant or increased exposure to either. For Proteus, 14 

Providencia and Morganella, imipenem was excluded from the definitions because of intrinsic 15 

resistance [16]. The participants, with at least one positive culture of CRE were considered as 16 

CRE cases. Any patient with a positive CSE culture was regarded as a CSE case.  17 

Phenotypic characterization of Enterobacterales 18 

Blood specimens were cultured using BacT/ALERT 3D (bioMerieux, North Carolina, USA) at 19 

DMCH. Isolates were sub-cultured onto chromogenic UTI agar (E&O Laboratories Ltd, 20 

Scotland, UK). The species were identified by Matrix-Assisted Laser Desorption/Ionization-21 
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Time of Flight mass spectrometry (Bruker Daltonics, Bremen, Germany). Minimum inhibitory 1 

concentrations (MIC) to clinically relevant antimicrobials were determined by agar dilution and 2 

interpreted according to European Committee on Antimicrobial Susceptibility Testing 3 

breakpoints (v10.0) [17-18].  4 

Whole-genome sequencing (WGS) 5 

All Enteribacterales isolated were sequenced on the Illumina MiSeq platform (Illumina Inc., San 6 

Diego, CA) and a set of blaNDM-positive isolates by minION sequencing (Oxford Nanopore 7 

technologies, Oxford, UK). Details of the bioinformatics analysis are described in 8 

Supplementary Methods. Briefly, Kmer database (v3.0.2) [available in Center for Genomic 9 

Epidemiology (CGE)] was deployed for species identification, the Clermont Escherichia coli 10 

phylotyping (v1.4.0), Kaptive (v0.7.3) for Klebsiella pneumoniae capsular typing. 11 

Comprehensive Antibiotic Resistance Database (CARD) and PlasmidFinder were deployed for 12 

antimicrobial resistance genes (ARGs) and plasmid replicon types with a cut off of ≥95% 13 

coverage and ≥95% identity, respectively using ABRicate (v0.9.7). Multilocus sequence type 14 

(MLST) was assigned based on seven loci MLST databases in CGE (v2.0.0), where appropriate. 15 

Time-calibrated evolutionary analysis was performed using the BEAST package (v1.10.4) to 16 

estimate the date of the most recent common ancestor (MRCA). 17 

Scrutinizing ‘high-risk’ clones for carbapenem resistance in Bangladeshi hospital 18 

The clonal relatedness of isolates was assessed using core-genome alignment following 19 

clustering for the presence and absence of genes, MLST profiling and pairwise SNP distances. A 20 

cut-off of ≤10 SNPs combining with epidemiological information was used to define possible 21 
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6 

clonal transmission clusters using the R library iGRAPH [19]. Clusters were removed if they did 1 

not contain any carbapenemase producer. 2 

Statistical analysis 3 

Binary logistic regression was used to analyse the association of CRE with categorical variables 4 

of interest. The p values were adjusted by the Benjamini-Hochberg procedure when repetitive 5 

variable types were tested. A Cox proportional hazards model was used to compare all-cause in-6 

hospital 30-day mortality between CRE and CSE cases. Patients discharged alive or with an in-7 

hospital mortality over 30 days were used as the competing variable for outcome analysis. 8 

Statistical analyses were conducted using IBM SPSS (v26) and Tableau (v2020.4). 9 

Results  10 

Prevalence of carbapenem resistance in clinical Enterobacterales 11 

A total of 1893 clinical specimens from 1831 patients were included. 58% (1098/1893) of the 12 

specimens were culture positive and 1583 isolates were recovered (Supplementary Table 3-5). 13 

The proportion of Enterobacterales isolated was 33.9% (643/1893) and CRE comprised 11.1% 14 

(210/1893). The prevalence of CRE cases was 10.6% (194/1831) (Figure 1). 15 

Out of 643 Enterobacterales, 210 were CRE (12.6% were recovered form wound swabs, 7.8% 16 

from urine and 7.5% from blood) and 433 were CSE (28.5% form wound swabs, 24.1%  from 17 

urine and 10.1% from blood) (Figure 1) (Supplementary Table 4).  18 

The predominant species were E. coli (226/1583, 14.3%), K. pneumoniae (221/1583, 14%), 19 

Proteus mirabilis (64/1583, 4%) and Enterobacter cloacae complex (39/1583, 2.5%) 20 

(Supplementary Table 5).  21 
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Antimicrobial’s resistance profile  1 

We found a high frequency of resistance in Enterobacterales against both β-lactam and non-β-2 

lactam antibiotics except colistin and fosfomycin. Excluding intrinsically resistant species, 4.9% 3 

(31/636) was resistant to fosfomycin and 0.9% (5/534) to colistin (Figure 2). CRE exhibited 4 

significantly higher resistance rates to ciprofloxacin, levofloxacin, amikacin, gentamicin, and 5 

sulfamethoxazole-trimethoprim than CSE (p<0.0001) (Table 1).  6 

Carbapenemases identified were blaNDM (180/643, 28%) [predominantly blaNDM-5 (97/643, 7 

15.1)], blaOXA-232 (26/643, 4%), blaOXA-181 (24/643, 3.7%) and blaKPC-2 (5/643, 0.8%) (Figure 3). 8 

A small number of phenotypically carbapenem susceptible isolates were positive for blaOXA-232 9 

(n=9) and blaOXA-181 (n=1) (Supplementary Table 9).  10 

The clinically important resistance genes, aadA2, APH, armA, blaCTX-M-15, and blaTEM-1 were 11 

associated with blaNDM-positive isolates (p<0.05) (Table 1). 12 

Risk and outcome analysis 13 

Out of 534 clinical cases, 194 (36.3%) were CRE cases and 340 (63.7%) were CSE cases. Our 14 

data indicated that 94.1% (503/534) of the patients with Enterobacterales infections were treated 15 

with empirical antibiotics on admission to DMCH. Ceftriaxone was the most commonly 16 

prescribed antimicrobial (328/534, 61.4%) among the participants followed by metronidazole 17 

(159/534, 29.8%), ciprofloxacin (123/534, 23%) and amikacin (103/534, 19.3%). Carbapenem 18 

usage was 13.1% (meropenem) and 1.5% (imipenem).  19 

Being part of the 6 to 25 years age group (p=0.041), being female (p=0.029), burns unit 20 

(p<0.0001) and ICU admission (p=0.001) and exposure to certain antibiotics [levofloxacin 21 
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(p<0.0001), amikacin (p=0.008), clindamycin (p=0.008) and meropenem (p=0.044)] were 1 

associated with increased risk of CRE infections. Statistical associations remained unchanged in 2 

the adjusted models (Table 2).  3 

Excluding patients discharged against medical advice (DAMA), all-cause in-hospital 30-day 4 

mortality was significantly associated with CRE cases, occurring in 50/180 (27.8%) CRE and 5 

42/312 (13.5%) CSE cases (p=0.001). Significant associations were also observed after adjusting 6 

with the confounders (Table 3). No significant association of mortality was observed with CRE 7 

for the cohort of patients with Enterobacterales bloodstream infections (BSIs) (Table 4). 8 

Based on the available data, only 27% (144/534) of the patients were prescribed at least one 9 

antibiotic to which their infecting pathogens were susceptible (Supplementary Table 10), 10 

however, data was not available regarding dosage, duration and indication of antibiotics therapy.  11 

‘High-risk’ clones for carbapenem resistance 12 

E. coli 13 

The prevalent sequence types (STs) among clinical E. coli included ST131 (23/226, 10.2%), 14 

ST405 (21/226, 9.3%), ST648 (21/226, 9.3%), ST410 (21/226, 9.3%) and ST167 (18/226, 8%) 15 

(Figure 4A). ST167 was significantly associated with carbapenem resistance (p=0.004). The 16 

majority of E. coli belonged to phylogroup A (53/226, 23.5%) and D (49/226, 21.7%) followed 17 

by others (Supplementary Table 11-12).  18 

Bayesian phylogenetic analysis suggests that the populations of major E. coli clones had the 19 

MRCA between 1978 and 2007, including isolates from outside the hospital (taken from NCBI). 20 

Dates of MRCAs for hospital-only subclades ranged from 2004-2015 for ST167, 2008-2017 for 21 
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9 

ST448, 2010-2013 for ST8346, 1990-1999 for ST405 and 2006-2013 for ST648 (Figure 5A, 1 

Supplementary Figure 2-5). The average median substitution rate of E. coli was 3.11 SNPs per 2 

genome/year (Supplementary Table 13). 3 

K. pneumoniae 4 

Predominant K. pneumoniae STs included ST23 (35/221, 15.8%) and ST15 (29/221, 13.1%) 5 

(Figure 4B). All isolates belonging to ST16 and ST515 were resistant to carbapenems. The 6 

prevalent clinical clone, ST23 having KL1 capsular type did not have a significant association 7 

with carbapenem resistance, however, 68.6% (24/35) of isolates of ST23 were found to be 8 

carbapenem resistant (OR: 0.478, 95% CI: 0.222-1.033) (Supplementary Table 14-15).  9 

The dates for the MRCAs of K. pneumoniae including NCBI isolates were between 1932 and 10 

1980. DMCH’s subclades were emerged between 1998 and 2016 for ST15 and 2014 and 2017 11 

for ST16 (Figure 5B, Supplementary Figure 5). The average median substitution rate was 2.22 12 

SNPs per genome/year (Supplementary Table 13). 13 

Clonal transmission of carbapenem resistance 14 

We identified five clusters of E. coli (EC1, EC2 and EC4 to EC6), 12 of K. pneumoniae (KP1 to 15 

KP12) and one of E. cloacae complex (EnC1) using a 10 SNPs threshold between isolates with 16 

common carbapenemase alleles and none of cluster contained isolates outside DMCH included 17 

in our analysis (Figure 6). We found linkage between isolates in the clusters at ≤2 SNPs 18 

threshold using overlapping of patients’ hospital stays and common wards of isolation. These 19 

connections were observed in the burns unit, fistula unit, ICU, NICU and urology. The largest 20 

cluster was KP12 (ST23) followed by KP8 (ST15) (Figure 6C). The dated phylogenetic tree of 21 
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10 

major clones revealed that the putative transmission clusters were predicted to have been 1 

introduced into DMCH between 2013 and 2016 (Supplementary Table 13). 2 

Investigating transmission of carbapenem resistance due to horizontal transfer of plasmids 3 

A total of 125 isolates were characterized by hybrid assembly of short-reads and long-reads 4 

sequence data, yielding complete, circular plasmids harbouring blaNDM-5 (n=74), blaNDM-1 (n=37), 5 

blaNDM-7 (n=6), blaNDM-4 (n=3), blaOXA-232 (n=7), and blaOXA-181 (n=4). The major Inc types in 6 

association with different carbapenemase alleles were the following: IncFII (n=41), IncX3 (n=9) 7 

and IncFIA (n=9) in associations with blaNDM-5, IncC (n=10) and IncFIB & IncHI1B (n=6) in 8 

associations with blaNDM-1, IncX3 (n=6) in associations with blaNDM-7, and ColKP3 (n=6) in 9 

associations with blaOXA-232 (Table 5). Plasmids of different Inc types harbouring blaNDM 10 

typically carried multiple ARGs except IncX3 (Supplementary Figure 6). The clinically 11 

important ARGs in associations with blaNDM-positive plasmids were: blaTEM-1 (70/120, 58.3%) 12 

and blaCTX-M-15 (21/120, 17.5%) for β-lactams; aadA (73/120, 60.8%), rmt (72/120, 60%), armA 13 

(19, 15.8%), AAC(6')-Ib (38/120, 31.7%), APH(3'') (20/120, 16.7%), ANT(3'')-IIa (5/120, 4.2%), 14 

AAC(3) (3/120, 2.5%), APH(6)-Id (3/120, 2.5%) for aminoglycosides; sul (93/120, 77.5%) for 15 

sulphonamides; dfrA (76/120, 63.3%) for trimethoprim; qnrB (8/120, 6.7%) and qnrS1 (5/120, 16 

4.2%) for quinolones. 17 

To investigate the plasmid mediated dissemination of carbapenem resistance, plasmids 18 

characterized in this study were grouped based on common carbapenemase allele, common Inc 19 

type, similar molecular weight, and similarities at ≥99% identity with >80% coverage between 20 

plasmids at the nucleotide level. Accordingly, NDM-5-positive plasmids fell into 21 groups, 21 

NDM-1-positive plasmids into 21 groups, OXA-181-positive plasmids into 3 groups, OXA-232-22 

positive plasmids into 2 groups, one group of NDM-7 and one group of NDM-4-positive 23 
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plasmids. Plasmid mediated horizontal transfer of carbapenem resistance were predicted for the 1 

groups designated as FII_N5_2 (n=7), FII_N5_3 (n=31), and X3_N5_1 (n=9), FIB&HI1B_N1_1 2 

(n=6), FIB(pQil)_N1_1 (n=2), FIA_N1_1 (n=2), X3_N7_1 (n=6), A/C2_O181_1 (n=2) and 3 

ColKP3_O232_1 (n=6), based on the distribution of plasmids within a wide range of bacterial 4 

host (Table 5, Supplementary Figure 7-14). 5 

Investigating possible role of mobile genetic elements in the spread of carbapenem 6 

resistance 7 

Based on the variation of genes immediate to blaNDM-5, plasmids were divided into nine groups, 8 

designated as N5G1 to N5G9 (Figure 7). A conserved region (incomplete ISAba125, blaNDM-5, 9 

ble, trpF, dsbD, IS91) was common across all plasmids harbouring blaNDM-5 expect N5G4 10 

(IncX3) and N5G6 (IncFIB(pQil)) which lacked IS91. The conserved region of blaNDM-5 in 11 

association with complex class 1 integron [(sul1-qacE-aadA-dfrA- intI), or (sul1-qacE-12 

Δmaturase-aadA-dfrA- intI)], flanked by intact IS26 at both 3’ and 5’ end in same orientation 13 

was found among plasmids of N5G1 and N5G2 (Figure 7).   14 

NDM-1-positive plasmids were divided into eight groups (designated as NIG1 to N1G8) based 15 

on the genetic environment around blaNDM-1. The genetic structure, Tn125 (blaNDM-1-ble-trpF-16 

dsbD-cutA-groES-groEL-IS91), bordered by intact ISAba125 at the upstream and downstream] 17 

was observed in plasmids of IncC (n=5) (Figure 8). The insertion sequence, ISAba125 was 18 

absent at the downstream of the plasmids of N1G2 to N1G8 and an incomplete ISAba125 was 19 

present at the upstream among plasmids of N1G3 to N1G8. Variation of genes in the conserved 20 

region was observed among the plasmids of N1G4 to N1G8. Plasmids of N1G4 were flanked by 21 

Tn3 at both 3’ and 5’ ends in the same orientation (Figure 8). 22 
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Discussion  1 

The recent article by Naghavi et al., provides a sobering analysis on the burden caused by 2 

common MDR/XDR infections and a warning, that as a global community, we are rapidly 3 

surrendering any advantage we had on treating infections such as pneumonia and sepsis. 4 

Furthermore, Naghavi et al., highlights significant gaps, not least from LMICs and advocates the 5 

acute need for large LMIC clinical studies that combines detailed microbiology (and genomics) 6 

with recorded outcome data [20]. In this study, we present the largest dataset comprising clinical 7 

outcome, microbiology and genomic data from SA and in particular, based in a large public 8 

hospital where such datasets capture different socio-economic cohorts to previous studies 9 

(Supplementary Table 2). Public hospitals in SA are grossly oversubscribed (typically 4-5 times 10 

the #inpatient/bed), antibiotics are delivered empirically and a limited number of clinical 11 

specimens are only sent for culture sensitivity (Supplementary Table 16) [21-22]. The problem 12 

of AMR is considerably higher in health settings with unsubscribed antimicrobial usage [23]. 13 

Our data revealed that blaNDM, blaOXA-181/blaOXA-232 and blaKPC-2 were main carbapenem 14 

resistance determinants in CRE in Bangladesh. NDM-positive plasmids except IncX3 commonly 15 

coharboured multiple ARGs (Supplementary Figure 6). The association of CRE acquisition with 16 

the usage of multiple antibiotic classes may be explained by co-selection in hospital settings, 17 

both of MDR CRE clones and their key MDR plasmids (Table 2) [9,23-24]. Moreover, several 18 

factors such as introduction of artificial devices, long-term antibiotic exposure, prolonged 19 

hospital stays and clinical comorbidities can be responsible for CRE acquisition among patients 20 

in burns and ICU [25-27].  
 

21 

Previous reports suggest that CRE was associated with a 3-fold greater mortality than CSE cases 22 

[2-4]. This study recorded substantially higher mortality with CRE (27.8%) than CSE cases 23 
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13 

(13.5%) (p=0.001) including cohort with positive culture of Enterobacterales from both sterile 1 

(blood) and non-sterile sampling sites (wound swabs, tracheal aspirates etc.). Given the level of 2 

statistical significance in adjusted models, it was possible that comorbidities might influence 3 

mortality among patients in ICU and burn (Table 3) [25-27]. Worse patients’ outcome are 4 

invariably associated with limited therapeutic options [2,4,28-29]. We demonstrated that 73% of 5 

the patients did not receive at least one appropriate antibiotic (Supplementary Table 10). 6 

However, this study was unable to conclude whether ineffective antibiotic therapy or any other 7 

confounders influenced mortality among the patients with CRE due to the limited number of 8 

BSIs and limited clinical information (e.g. comorbidities or antibiotic therapy).  9 

To date, the presence of blaNDM in different clonal lineages has mainly been reported from 10 

China, Europe, or USA and, as such, there is a bias in the global reporting of their geographical 11 

distribution [30]. This study documented numerous prevalent clones with blaNDM (ST167, 12 

ST648, ST448, ST405 of E. coli and ST15, ST23, ST147, ST16 of K. pneumoniae) (Figure 4-5, 13 

Supplementary Figure 1-5). Additionally, E. coli ST8346 was recognised as newly emerging 14 

clone carrying blaNDM-1 (Supplementary Figure 2, Supplementary Table 11). 
 

15 

Based on spatiotemporal analysis, it is possible that CRE clones had been established at DMCH 16 

over an extended period of time. The average substitution rates of these clones (3 17 

SNPs/genome/year) were in-line with previous reports (Supplementary Table 13) [31-32]. We 18 

observed the presence of common carbapenemases among the isolates differing by ≤10 SNPs, 19 

some of which represented tight clades (0-2 SNPs threshold), combined with evidence of 20 

common ward of isolation and overlapping of patients’ hospital stay (Figure 6), suggesting 21 

potential recent transmission or acquisition of clones from a common source. The number of 22 

such events was considerably higher among patients with K. pneumoniae infections compared to 23 
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other species (Figure 6), indicating higher transmissibility of K. pneumoniae [33]. Of particular 1 

concern was the spread of blaNDM-5 via a highly virulent K. pneumoniae ST23 (KP12) clone 2 

having the KL1 locus [35].  3 

This study documented the plasmid mediated horizontal dissemination of blaNDM among 4 

different species of Enterobacterales, mostly by IncFII and IncX3 (Table 5, Supplementary 5 

Figure 9, Supplementary Figure 13). IncX3 is widely spread throughout China and SA and 6 

associated blaNDM, particularly, blaNDM-5 [36-37]. However, we found plasmids of a wide variety 7 

of Inc types (IncFII, IncFIA, IncR, IncFIB & IncFII, IncFIB(pQil), and IncFIB(pQil) & IncFII) 8 

harbouring blaNDM-5 yet had an identical conserved regions followed by class 1 integron together 9 

flanked by IS26 (Figure 7-8). It can therefore be hypothesized that transposition of the IS26-10 

flanked segment occurred via two-steps recombination where IS26 released DNA segment from 11 

donor plasmid and IS91 facilitated its insertion into the recipient plasmid by rolling circle 12 

replication [38-39].  13 

A limitation of this study was the inability to capture all possible Enterobacterale infections due 14 

to the practice norms at DMCH in terms of microbiological sampling. These are typical of many 15 

public hospitals in SA. However, this study represents the most comprehensive report on the 16 

epidemiology and mechanism of CRE in Enterobacterales in a SA. This study has also: 1. 17 

Evidenced the high burden of CRE compared to previously reported studies. 2. Provided data on 18 

outcome and inappropriate antibiotic use that will inform better antibiotic stewardship programs 19 

including antibiotic access and affordability in the public sector. 3. Demonstrated genomic 20 

evidence on the clonal spread of virulent CRE prioritising infection control programs in limited 21 

financial settings. Whilst this study was taken in the largest public hospital in Bangladesh, many 22 
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of these findings can be extrapolated across SA encompassing a population of nearly 2 billion 1 

and signals the need for greater engagement and targeted investment.  2 

NOTES 3 

Author contributions: R. F. and T. R. W contributed equally to the work. R.F., L.S.J. and 4 

T.R.W designed the study, R.F. and T.W.R. obtained funding, R.F., M.A.R. M.P. and M. A. K 5 

were involved with project administration and data collection, R.F., K.S., E.P., I.B., B.H. and 6 

J.M. performed laboratory works, R.F. and W.J.W. did the statistical analysis, R.F., K.S., 7 

A.J.V.T., J.M.C., J.P. and M.F.G. did the bioinformatic analysis, R.F., L.S.J., A.J.V.T., M. A. K 8 

and T.R.W. verified the data and drafted the manuscript. All authors critically reviewed the 9 

manuscript and approved the final report before submission. 10 

Acknowledgments: The authors acknowledge Prof Ismail Khan, Former Principal, Dhaka 11 

Medical College for providing access to collecting clinical data and to undertake initial 12 

processing of clinical samples at Dhaka Medical College. We are grateful to Prof Abul Kalam 13 

for allowing sampling from burns unit of Dhaka Medical College Hospital. Sequencing (Illumina 14 

MiSeq) was supported by Cardiff University.  15 

Data availability: The study methods, statistical and bioinformatics analysis are available in 16 

detail in the main text and supplementary material.  Genomes of Enterobacterales have been 17 

deposited in NCBI under the BioProject number of PRJNA722682, PRJNA719593, and 18 

PRJNA714521. 19 

Funding: Farzana is the recipient of a Commonwealth Scholarship (BDCS-2016-53). 20 

Sequencing and molecular data was supported by Cardiff University. The funder of the study had 21 

no role in study design, data collection, data analysis, data interpretation, or writing of the report. 22 

Conflict of interest disclosures: We have no conflict to declare.  23 

  24 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

id
/c

ia
c
2
8
7
/6

5
6
7
4
2
7
 b

y
 g

u
e
s
t o

n
 2

6
 A

p
ril 2

0
2
2



16 

REFERENCES 1 

1. World Health Organization. WHO publishes list of bacteria for which new antibiotics are 2 

urgently needed. Available at: https://www.who.int/news-room/detail/27-02-2017-who-3 

publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed. Accessed 10 4 

November 2020. 5 

2. Martin A, Fahrbach K, Zhao Q, Lodise T. Association Between Carbapenem Resistance and 6 

Mortality Among Adult, Hospitalized Patients With Serious Infections Due to 7 

Enterobacteriaceae: Results of a Systematic Literature Review and Meta-analysis. Open 8 

Forum Infect Dis 2018, 5: ofy150.  9 

3. Mirande C, Bizine I, Giannetti A, Picot N, van Belkum A. Epidemiological aspects of 10 

healthcare-associated infections and microbial genomics Eur J Clin Microbiol Infect Dis 11 

2018, 37: 823-831. 12 

4. Stewardson AJ, Marimuthu K, Sengupta S, Allignol A, El-Bouseary M, Carvalho MJ, et al. 13 

Effect of carbapenem resistance on outcomes of bloodstream infection caused by 14 

Enterobacteriaceae in low-income and middle-income countries (PANORAMA): a 15 

multinational prospective cohort study. Lancet Infect Dis 2019, 19: 601-610. 16 

5. Conlan S, Lau AF, Deming C, Spalding CD, Lee-Lin S, Thomas PJ, et al. Plasmid 17 

Dissemination and Selection of a Multidrug-Resistant Klebsiella pneumoniae Strain during 18 

Transplant-Associated Antibiotic Therapy. mBio 2019, 10:e00652-19.  19 

6. Hsu LY, Apisarnthanarak A, Khan E, Suwantarat N, Ghafur A, Tambyah PA. Carbapenem-20 

Resistant Acinetobacter baumannii and Enterobacteriaceae in South and Southeast Asia. Clin 21 

Microbiol Rev 2017, 30: 1-22.  22 

7. Logan LK, Weinstein RA. The Epidemiology of Carbapenem-Resistant Enterobacteriaceae: 23 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

id
/c

ia
c
2
8
7
/6

5
6
7
4
2
7
 b

y
 g

u
e
s
t o

n
 2

6
 A

p
ril 2

0
2
2



17 

The Impact and Evolution of a Global Menace. J Infect Dis 2017, 215: S28-S36. 1 

8. Kłudkowska M, Pielok ŁA, Wrońska M, Tomczak H. Carbapenemase-producing 2 

Enterobacteriaceae in a group of Polish travelers returning from South and South-East Asia, 3 

June 2017 - June 2018. Environment- or healthcare-associated? Ann Agric Environ Med 4 

2019, 26: 405-408. 5 

9. Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J, Butt F, Balakrishnan R, et al. 6 

Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: a 7 

molecular, biological, and epidemiological study. Lancet Infect Dis 2010, 10: 597-602. 8 

10. Dadashi M, Yaslianifard S, Hajikhani B, Kabir K, Owlia P, Goudarzi M, et al. Frequency 9 

distribution, genotypes and prevalent sequence types of New Delhi metallo-β-lactamase-10 

producing Escherichia coli among clinical isolates around the world: A review. J Glob 11 

Antimicrob Resist 2019, 19: 284-293. 12 

11. Pitout JDD, Peirano G, Kock MM, Strydom KA, Matsumura Y. The Global Ascendency of 13 

OXA-48-Type Carbapenemases. Clin Microbiol Rev 2019, 33: e00102-19. 14 

12. Hasan MJ, Rabbani R. The need for adequate research data on carbapenem use and resistance 15 

in Bangladesh. Lancet Infect Dis 2019, 19: 811. 16 

13. Worle Health Organization. Global Antimicrobial Resistance and Use Surveillance System 17 

(GLASS) Report. Available at: https://www.who.int/glass/resources/publications/early-18 

implementation-report-2020/en/ Accessed 15 November 2020. 19 

14. General Assembly of the World Medical Association. World Medical Association Declaration 20 

of Helsinki: ethical principles for medical research involving human subjects. J Am Coll 21 

Dent 2014, 81: 14-18. 22 

15. Centers for Disease Control and Prevention. Hospital-associated Infections. Available at: 23 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

id
/c

ia
c
2
8
7
/6

5
6
7
4
2
7
 b

y
 g

u
e
s
t o

n
 2

6
 A

p
ril 2

0
2
2



18 

https://www.cdc.gov/hai/index.html. Accessed 15 April 2021. 1 

16. van Duin D. Carbapenem-resistant Enterobacteriaceae: What we know and what we need to 2 

know. Virulence  2017, 8: 379-382. 3 

17. Andrews JM. Determination of minimum inhibitory concentrations J Antimicrob Chemother 4 

2001, 48: 5-16. 5 

18. European Committee on Antimicrobial Susceptibility Testing. Breakpoint tables for 6 

interpretation of MICs and zone diameters. Available at: 7 

https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_10.0_8 

Breakpoint_Tables.pdf. Accessed 11 July 2020. 9 

19. Mora A, Donaldson IM.  iRefR: an R package to manipulate the iRefIndex consolidated 10 

protein interaction database. BMC Bioinformatics 2011, 12: 455. 11 

20. Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance 12 

in 2019: a systematic analysis. Lancet 2022, 399:629-65. 13 

21. Center For Disease Dynamics, Economics & Policy. Antibiotic Use and Resistance in 14 

Bangladesh: Situation Analysis and Recommendations. Available at: 15 

https://cddep.org/publications/bangladesh-situation-analysis-amr/. Accessed on 01 December 16 

2020.  17 

22. The Fleming Fund. Terms of Reference for Request for Proposals for The Fleming Fund 18 

Country Grant to Bangladesh. Available at: https://www.flemingfund.org/wp-19 

content/uploads/1eb5e64133eb067da9f28acb86cd39cd.pdf. Accessed on 03 March 2020.  20 

23. Bell BG, Schellevis F, Stobberingh E, Goossens H, Pringle M. A systematic review and meta-21 

analysis of the effects of antibiotic consumption on antibiotic resistance. BMC Infect Dis 22 

2014, 14:13.  23 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

id
/c

ia
c
2
8
7
/6

5
6
7
4
2
7
 b

y
 g

u
e
s
t o

n
 2

6
 A

p
ril 2

0
2
2



19 

24. Wu W, Feng Y, Tang G, Qiao F, McNally A, Zong Z. NDM Metallo-β-Lactamases and Their 1 

Bacterial Producers in Health Care Settings. Clin Microbiol Rev 2019, 32: e00115-18. 2 

25. Richter SE, Miller L, Needleman J, Uslan DZ, Bell D, Watson K, et al. Risk Factors for 3 

Development of Carbapenem Resistance Among Gram-Negative Rods. Open Forum Infect 4 

Dissou 2019, 6: ofz027. 5 

26. Datta P, Gupta V, Singla N, Chander J. Asymptomatic colonization with carbapenem resistant 6 

enterobacteriaceae (CRE) in ICU patients and its associated risk factors: Study from North 7 

India. Indian J Med Microbiol 2015, 33:612-613. 8 

27. Rech MA, Mosier MJ, McConkey K, Zelisko S, Netzer G, Kovacs EJ, et al. Outcomes in 9 

Burn-Injured Patients Who Develop Sepsis. J Burn Care Res 2019, 40:269-273. 10 

28. Shankar C, Nabarro LE, Anandan S, Ravi R, Babu P, Munusamy E, et al. Extremely High 11 

Mortality Rates in Patients with Carbapenem-resistant, Hypermucoviscous Klebsiella 12 

pneumoniae Blood Stream Infections. J Assoc Physicians India 2018, 66: 13-16. 13 

29. Doi Y. Treatment Options for Carbapenem-resistant Gram-negative Bacterial Infections. Clin 14 

Infect Dis 2019, 69: S565-S575. 15 

30. National Center for Biotechnology Information. Genome. Available at: 16 

https://www.ncbi.nlm.nih.gov/genome/. Accessed on 03 March 2020. 17 

31. Duchêne S, Holt KE, Weill FX, Le Hello S, Hawkey J, Edwards DJ, et al. Genome-scale 18 

rates of evolutionary change in bacteria. Microb Genom 2016, 2: e000094. 19 

32. Gibson B, Wilson DJ, Feil E, Eyre-Walker A. The distribution of bacterial doubling times in 20 

the wild. Proc Biol Sci 2018, 285: 20180789. 21 

33. Sood G, Perl TM. Outbreaks in Health Care Settings. Infect Dis Clin North Am 2016, 30: 22 

661-687. 23 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

id
/c

ia
c
2
8
7
/6

5
6
7
4
2
7
 b

y
 g

u
e
s
t o

n
 2

6
 A

p
ril 2

0
2
2



20 

34. Gurieva T, Dautzenberg MJD, Gniadkowski M, Derde LPG, Bonten MJM, Bootsma MCJ. 1 

The Transmissibility of Antibiotic-Resistant Enterobacteriaceae in Intensive Care Units. Clin 2 

Infect Dis 2018, 66: 489-493. 3 

35. Wyres KL, Lam MMC, Holt KE. Population genomics of Klebsiella pneumoniae. Nat Rev 4 

Microbiol 2020, 18: 344-359. 5 

36. Wang Y, Tong MK, Chow KH, Cheng VC, Tse CW, Wu AK, et al. Occurrence of Highly 6 

Conjugative IncX3 Epidemic Plasmid Carrying blaNDM in Enterobacteriaceae Isolates in 7 

Geographically Widespread Areas. Front Microbiol 2018, 9:2272.  8 

37. Liu Z, Xiao X, Li Y, Liu Y, Li R, Wang Z. Emergence of IncX3 Plasmid-Harboring blaNDM-9 

5 Dominated by Escherichia coli ST48 in a Goose Farm in Jiangsu, China. Front Microbiol 10 

2019, 10:2002.  11 

38. Toleman MA, Bennett PM, Walsh TR Z. ISCR elements: novel gene-capturing systems of the 12 

21st century? Microbiol Mol Biol Rev 2006, 70:296-316. 13 

39. Pecora N, Zhao X, Nudel K, Hoffmann M, Li N, Onderdonk AB, et al. Diverse Vectors and 14 

Mechanisms Spread New Delhi Metallo-β-Lactamases among Carbapenem-Resistant 15 

Enterobacteriaceae in the Greater Boston Area. Antimicrob Agents Chemother 2019, 63: 16 

e02040-18.17 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
id

/a
d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/c

id
/c

ia
c
2
8
7
/6

5
6
7
4
2
7
 b

y
 g

u
e
s
t o

n
 2

6
 A

p
ril 2

0
2
2



21 

 

Figure Legends:  18 

Figure 1. Flowchart diagram of participants included in this study.  19 

Figure legend. *Multiple clinical specimens were collected from 61 patients (blood & 20 

wound swab, n=51; blood & urine, n=3; blood & tracheal aspirate, n=2; wound swab & urine, 21 

n=2; blood & catheter tip, n=1; urine & tracheal aspirates, n=1; blood, urine & catheter tip, 22 

n=1).**35 Patients had multiple culture positive samples (blood & wound swab, n=26; blood 23 

& urine, n=2; blood & tracheal aspirate, n=2; wound swab & urine, n=2; blood & catheter tip, 24 

n=1; urine & tracheal aspirates, n=1; blood, urine & catheter tip, n=1). 25 

Figure 2. Antimicrobial susceptibility patterns of different species of Enterobacterales. 26 

Figure legend. AMC, amoxicillin-clavulanic acid; AMK, amikacin; CAZ, ceftazidime; CIP, 27 

ciprofloxacin; CRO, ceftriaxone; CST, colistin; CTX, cefotaxime; FEP, cefepime; FOF, 28 

fosfomycin; GEN, gentamicin; IPM, imipenem; LVX, levofloxacin; MEM, meropenem; 29 

SXT, sulfamethoxazole-trimethoprim; TZP, piperacillin-tazobactam. Values in parentheses 30 

indicate row percentage. Data on Salmonella spp. (n=5), P. anthophila (n=1), L. 31 

adecarboxylata (n=1), and E. hermannii (n=1) are not included in this table. *Klebsiella 32 

species other than K. pneumoniae. The upper cells against each species represent the 33 

frequency of resistance and the lower cells represent percentage. Heatmap indicates higher 34 

(●) to lower (●) percentage of resistance. Cells are highlighted grey (●) if the respective 35 

organism is intrinsically resistant to pertinent antibiotic. 36 

 37 
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Figure 3. Sankey diagram representing the distribution of carbapenemase alleles among 39 

different species of Enterobacterales. 40 

Figure 4. ML tree generated from core-genome analysis of E. coli and K. pneumoniae 41 

isolated in this study.  42 

Figure legend. A. ML tree generated from core-genome analysis of E. coli. B. ML tree 43 

generated from core-genome analysis of K. pneumoniae. Core-genome alignment was 44 

performed using roary (v3.12.0). The ML trees from the core genome were built with 45 

RAxML-ng (v0.9.0.git-mpi) using a GTR evolutionary model and gamma correction with 46 

bootstrapping. Isolates retrieved from NCBI for the phylogenetic analysis in this figure are 47 

stated in Supplementary Table 17. 48 

Figure 5. Time calibrated phylogenetic tree generated from of E. coli and K. 49 

pneumoniae genomes.  50 

Figure legend. A. Phylogenetic tree generated from of E. coli genomes belonged to ST167. 51 

Total number of isolates in this analysis was 97. Closely related isolates from other STs 52 

(ST10, ST1702, and novel allele) identified by core-genome phylogeny and pair-wise SNPs 53 

count (if isolates were differed by ≤100 SNPs from any isolate of ST167) were included in 54 

this analysis. B. Phylogenetic tree generated from of K. pneumoniae genomes belonged to 55 

ST15. Total number of isolates in this analysis was 54. Closely related isolate from a novel 56 

allele identified by core-genome phylogeny and pair-wise SNPs count (if isolates were 57 

differed by ≤100 SNPs from any isolate of ST15) were included in this analysis. Putative 58 

transmission clades (0-10 SNPs differences) are highlighted by green. MRCA and clock rate 59 

are stated in Supplementary Table 13. Isolates retrieved from NCBI for the phylogenetic 60 

analysis in this figure are stated in Supplementary Table 17. PSU, paediatric surgery. 61 
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Figure 6. Spatiotemporal assessment to investigate putative clonal transmission of 62 

carbapenem resistance.  63 

Figure legend. A. Putative transmission clusters of E. coli at ≤10 SNPs threshold between 64 

the isolates in the respective clusters. B. Putative transmission clusters of K. pneumoniae at 65 

≤10 SNPs threshold between the isolates in the respective clusters. The ancestral sequence at 66 

each node including the root was inferred using pyjar and the pairwise SNP distance between 67 

the roots and each isolate was calculated using pairsnp (v0∙0∙7). Pairwise SNPs between 68 

isolates were generated using pairsnp (v0∙0∙7). C. Diagram representing number of linkages 69 

among the isolates in the clusters by 0 to 2 SNPs threshold, aligning with epidemiological 70 

data. Isolates differed by 0 to 2 SNPs without overlapping of pertinent patients’ hospital stay 71 

are represented as common group in the figure using Tableau (v2020.4). 72 

Figure 7. Schematic layout of genetic context around blaNDM-5 in different plasmid 73 

backgrounds.  74 

Figure legend. Arrows represent the position and transcriptional direction of the open 75 

reading frames. Truncated genes are denoted by “*”. Accession numbers of specific 76 

plasmids’ sequences will be provided upon acceptance of the article. The layout of genetic 77 

context has been outlined using Geneious (v11.0.2). 78 

Figure 8. Schematic layout of genetic context around blaNDM-1 in different plasmid 79 

backgrounds.  80 

Figure legend. Arrows represent the position and transcriptional direction of the open 81 

reading frames. Truncated genes are denoted by “*”. Accession numbers of specific 82 

plasmids’ sequences will be provided upon acceptance of the article. The layout of genetic 83 

context has been outlined using Geneious (v11.0.2). 84 
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Table Titles: 85 

Table 1. Phenotypic and genomic resistance profile of CRE. 86 

Table 2. Descriptive statistics for risk assessment of CRE clinical cases compared to 87 

CSE cases. 88 

Table 3. Cox proportional hazards models to analyse for the impact carbapenem 89 

resistance on patients’ outcome. 90 

Table 4. Cox proportional hazards models to analyse the impact of carbapenem 91 

resistance and mortality among the patients with positive blood culture of 92 

Enterobacterales. 93 

Table 5. Stratification of plasmids based on resistance patterns, Inc types, and plasmid 94 

size.  95 

  96 
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Table 1. Phenotypic and genomic resistance profile of CRE. 97 

Legend. AMC, amoxicillin-clavulanic acid; AMK, amikacin; CAZ, ceftazidime; CIP, ciprofloxacin; CRO, ceftriaxone; CST, colistin; 98 

CTX, cefotaxime; FEP, cefepime; FOF, fosfomycin; GEN, gentamicin; IPM, imipenem; LVX, levofloxacin; MEM, meropenem; SXT, 99 

Antimicrobial 
groups 

Phenotypic 
resistance of 

Enterobacterales, 
n (%) (n=643) 

Associations between phenotypic 
resistance and CRE, n (%)* 

Carbapenemase 
alleles identified in 

this study 

ARGs, significantly associated 
with carbapenem resistant 

genesa 

CRE (n=210) CSE (n=433) p value blaNDM-5 blaNDM-1 

AMC 617 (96) 210 (100) 407 (93.9) - - blaTEM-1  

TZP 342 (53.2) 208 (99) 134 (30.9) - - blaOXA-1 blaOXA-1, 
blaOXA-9 

CRO 531 (82.6) 210 (100) 321 (74.1) - - blaCMY-59, 
blaCTX-M-15, 

blaVEB-5 

 

 

CAZ 543 (84.4) 210 (100) 333 (76.9) - - 

CTX 539 (83.8) 210 (100) 329 (76) - - 

FEP 517 (80.4) 210 (100) 307 (70.9) - - 

IPM 248 (38.6) 166 (79) 82 (18.9) - blaNDM-5, blaNDM-5, 
blaNDM-7, blaNDM-4, 

blaOXA-181, blaOXA-232 

- - 

MEM 203 (31.6) 203 (96.7) 0 (0) - 

CIP 559 (86.9) 206 (98.1) 353 (81.5) <0.0001 - qnrS1 qnrA1, qnrB17, 
qnrD1 LVX 511 (79.5) 191 (91) 320 (73.9) <0.0001 - 

AMK 305 (47.4) 190 (90.5) 115 (26.5) <0.0001 - aadA2, 

APH(3'')-Ib,  

APH(3'')-Ia, 

APH(6)-Id,  
armA, rmtB 

AAC(2')-Ia, 

aadA2,  

APH(3')-Ia,  

APH(3')-VI,  

armA, rmtF 

GEN 407 (63.3) 197 (93.8) 210 (48.5) <0.0001 - 

SXT 550 (85.5) 200 (95.2) 350 (80.8) <0.0001 - dfrA12, sul1, 
sul2 

dfrA14, sul1 

FOF 38 (5.9) 18/210 
(8.6)** 

13/426 
(3.1)** 

0.002 - - - 

CST 97 (15.1) 1/194 
(0.5)*** 

4/340 
(1.2)*** 

0.446 - - - 
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sulfamethoxazole-trimethoprim; TZP, piperacillin-tazobactam; CRE, carbapenem-resistant Enterobacterales; CSE, carbapenem-100 

sensitive Enterobacterales. *To compare the differences of resistance to non-β-lactams between CRE and CSE, p values were 101 

calculated. **M. morganii (n=6) and L. adecarboxylata (n=1) were excluded from the analysis as the species are intrinsically resistant 102 

to fosfomycin. ***Proteus spp. (n=67), Providencia spp. (n=23), S. marcescens (n=13) and M. morganii (n=6) were excluded from 103 

the analysis as the species are intrinsically resistant to colistin. 
aAs blaNDM-5 and blaNDM-1 are the major carbapenemases in this study, 104 

ARGs significantly associated with blaNDM-5 and blaNDM-1 compared to blaNDM-5-negative and blaNDM-1-negative Enterobacterales were 105 

included in this table. Details about the analysis are described in Supplementary Table 5 and Supplementary Table 6.  106 

  107 
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Table 2. Descriptive statistics for risk assessment of CRE clinical cases compared to CSE cases. 108 

Attributes CRE 

(n=194) 

CSE 

(n=340) 

Unadjusted logistic 

regression 

Adjusted with patients 

admitted to burns unit 

Adjusted with patients 

infected with CSE with 

carbapenemases 

producers* 

p value OR 95% CI p 

value 

OR 95% CI p value OR 95% CI 

b
Age (years) 0 to 5 27 

(13.9) 

49 

(14.4) 

0.875 0.960 0.578-

1.594 

0.976 0.992 0.592-

1.662 

0.918 0.973 0.584-

1.622 

6 to 25 67 

(34.5) 

89 

(26.2) 

0.041 1.488 1.015-

2.180 

0.231 1.274 0.857-

1.893 

0.033 1.521 1.034-

2.235 

26 to 50 66 (34) 130 

(38.2) 

0.331 0.833 0.576-

1.204 

0.514 0.882 0.605-

1.285 

0.307 0.824 0.569-

1.194 

>50 34 

(17.5) 

73 

(21.5) 

0.273 0.777 0.495-

1.221 

0.542 0.866 0.546-

1.374 

0.238 0.761 0.484-

1.198 
a
Gender Female 81 

(41.8) 

110 

(32.4) 

0.029 

 

0.667 

 

0.463-

0.961 

 

0.052 

 

0.692 

 

0.477-

1.003 

 

0.027 

 

0.660 

 

0.457-

0.953 

 Male 113 

(58.2) 

230 

(67.6) 
b
SE group BPL 84 

(43.3) 

161 

(47.4) 

0.366 1.178 0.826-

1.680 

0.412 1.164 0.810-

1.671 

0.415 1.160 0.812-

1.657 

Poor 74 

(38.1) 

134 

(39.4) 

0.773 1.055 0.734-

1.515 

0.671 1.083 0.749-

1.568 

0.725 1.067 0.742-

1.536 

LM 34 

(17.5) 

40 

(11.8) 

0.064 0.627 0.382-

1.030 

0.062 0.618 0.372-

1.024 

0.070 0.631 0.383-

1.038 

UM
c 

2 (1) 4 (1.2) - - - - - - - - - 

UH
c 

0 (0) 1 (0.3) - - - - - - - - - 
b
Admitting 

wards 

Burns 74 

(38.1) 

69 

(20.3) 

<0.0001 0.413 0.279-

0.611 

- - - <0.0001 0.368 0.246-

0.549 

Surgery 14 (7.2) 73 <0.0001 3.515 1.925- - - - <0.0001 3.588 1.963-
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(21.5) 6.420 6.559 

Urology 23 

(11.9) 

64 

(18.8) 

0.036 1.724 1.032-

2.880 

- - - 0.027 1.789 1.070-

2.990 

ICU 33 (17) 27 (7.9) 0.001 0.421 0.245-

0.724 

- - - 0.003 0.435 0.253-

0.749 

Other wards 50 

(25.8) 

107 

(31.5) 

0.165 1.323 0.891-

1.963 

- - - 0.126 1.363 0.917-

2.025 
a
Comorbidity 

(DM) 

Yes 15 (7.7) 58 

(17.1) 

0.003 

 

2.454 

 

1.350-

4.463 

 

0.015 

 

2.127 

 

1.160-

3.901 

 

0.003 

 

2.492 

 

1.369-

4.536 

 No  179 

(92.3) 

282 

(82.9) 
a
Comorbidity 

(malignancy) 

Yes  7 (3.6) 15 (4.4) 0.653 1.233 0.494-

3.078 

0.935 1.039 0.411-

2.625 

0.606 1.272 0.509-

3.177 No  187 

(96.4) 

324 

(95.6) 
b
Antibiotics 

exposure 

during hospital 

stay before 

sampling** 

Ceftriaxone 128 (66) 200 

(58.8) 

0.102 0.737 0.510-

1.063 

0.625 0.908 0.617-

1.336 

0.058 0.700 0.484-

1.012 

Metronidazole 49 

(25.3) 

110 

(32.4) 

0.085 1.415 0.953-

2.102 

0.889 1.031 0.671-

1.584 

0.072 1.440 0.968-

2.142 

Ciprofloxacin 27 

(13.9) 

96 

(28.2) 

<0.0001 2.434 1.521-

3.894 

0.007 1.958 1.202-

3.191 

<0.0001 2.500 1.561-

4.006 

Amikacin 49 

(25.3) 

54 

(15.9) 

0.008 0.559 0.362-

0.863 

0.021 0.592 0.380-

0.923 

0.006 0.541 0.348-

0.840 

Meropenem 33 (17) 37 

(10.9) 

0.044 0.596 0.359-

0.989 

0.017 0.532 0.317-

0.894 

0.061 0.616 0.371-

1.023 

Flucloxacillin 27 

(13.9) 

70 

(20.6) 

0.054 1.604 0.988-

2.602 

0.064 1.594 0.974-

2.608 

0.080 1.546 0.949-

2.519 

Levofloxacin 45 

(23.2) 

35 

(10.3) 

<0.0001 0.380 0.234-

0.616 

0.116 0.615 0.336-

1.128 

<0.0001 0.343 0.209-

0.565 

Clindamycin 28 

(14.4) 

25 (7.4) 0.008 0.471 0.266-

0.833 

0.075 0.585 0.324-

1.056 

0.009 0.465 0.261-

0.828 
a
Number of 

antibiotics 

Monotherapy 19 

(10.3) 

50 

(15.7) 

0.093 

 

0.620 

 

0.353-

1.087 

0.315 

 

0.745 

 

0.419-

1.324 

0.072 

 

0.596 

 

0.340-

1.048 
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prescribed*** More than one 

drug 

165 

(89.7) 

269 

(84.3) 

   

a
Hospital stay 

before 

sampling 

≤7 days 68 

(35.1) 

136 (40) 0.258 

 

0.810 

 

0.561-

1.167 

 

0.590 

 

0.902 

 

0.619-

1.313 

 

0.184 

 

0.780 

 

0.540-

1.126 

 >7 days 126 

(64.9) 

204 (60) 

Values in parentheses indicate column percentage. SE, socioeconomic; BPL, below the poverty level; P, poor; LM, lower middle; UM, 109 

upper middle; UH, upper high; ICU, intensive care unit; DM, diabetes mellitus; CRE, carbapenem-resistant Enterobacterales; CSE, 110 

carbapenem-sensitive Enterobacterales. Cells are highlighted if any variable was significantly associated with CRE. Binary logistic 111 

regression was performed to assess risks, and to calculate OR and 95% CI. *We found the presence of blaOXA-232 (n=9) and blaOXA-181 112 

(n=1) in phenotypically carbapenem-susceptible isolates. **Eight common antibiotics prescribed at DMCH are included in this 113 

descriptive analysis. ***Patients without any antibiotic (n=31) were excluded from the analysis. aAttributes with two categories such 114 

as sex, number of antibiotics prescribed, hospital stay before sampling and comorbidity, the logistic regressions had one of the 115 

categories as reference value.
  bThe attributes having more than two possible values, each value was compared with all the others 116 

combined, e.g. for age group 0 to 5, a binary variable 0 to 5 against all other age groups was used, for 6 to 25, the binary age variable 117 

was 6 to 25 verses all other age bands. cStatistical analysis was not performed due to low frequency of cases.118 
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 119 

Table 3. Cox proportional hazards models to analyse the impact of carbapenem resistance 120 

and mortality among the patients with positive culture of Enterobacterales. 121 

Cohort   All-cause 

in-hospital 

30-day 

mortality 

Discharged 

alive/in-

hospital 

mortality 

after 30 days 

p value
a
 SHR

a
 95% 

CI
a
 

Patients with 

positive culture of 

Enterobacterales 

(n=492) 

CRE 

(n=180) 

 50 (27.8) 130 (72.2) 0.001
 

0.491 0.325-

0.741 

CSE 

(n=312) 

42 (13.5) 270 (86.5) 

Model 1: Adjusted by age and gender 0.001 0.510 0.337-

0.771 

Model 2: Model 1+ adjusted by 

admission to burn unit
b
 

0.007 0.561 0.367-

0.855 

Model 3: Model 1+ adjusted by 

admission to ICU
b
 

0.051 0.654 0.428-

1.001 

Model 4: Model 1+ adjusted by exposure 

to amikacin
b
 

0.004 0.537 0.354-

0.816 

Model 5: Model 1+ adjusted by exposure 

to meropenem
b
 

0.003 0.535 0.353-

0.812 

Model 6: Model 1+ adjusted by exposure 

to levofloxacin
b
 

0.008 0.562 0.368-

0.859 

Model 7: Model 1+ adjusted by exposure 

to clindamycin
b
 

0.003 0.529 0.349-

0.803 

Values in parenthesis indicate row percentage. SHR, subdistribution hazard ratio. Patients with 122 

DAMA (n=40) and outlier cases (n=2) (hospital stay >100 days from ‘time from infection’ to 123 

outcome) were excluded from the outcome analysis. 
a
A Cox proportional hazards model was 124 

fitted with time points ‘time from Enterobacterales isolation to outcome’ as ‘time-to-event’ and 125 

‘time from admission to Enterobacterales isolation’ as ‘covariate’. bConfounders such as age, 126 

gender, admission to burn unit and ICU, exposure to amikacin, meropenem, levofloxacin and 127 

clindamycin were adjusted to understand the changes of p values (level of statistical 128 

significance) in the adjusted model.  129 
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 130 

Table 4. Cox proportional hazards models to analyse the impact of carbapenem resistance 131 

and mortality among the patients with positive blood culture of Enterobacterales. 132 

Cohort   All-cause in-

hospital 30-

day mortality 

Discharged 

alive/in-hospital 

mortality after 

30 days 

p 

value 

SHR 95% CI 

Patients with 

positive blood 

culture of 

Enterobacterales 

(n=83) 

CRE 

(n=38) 

19 (50) 19 (50) 0.571 0.834 0.445-

1.562 

CSE 

(n=45) 

22 (48.9) 23 (51.1) 

Values in parenthesis indicate row percentage. DAMA, discharge against medical advice. SHR, 133 

subdistribution hazard ratio. Patients with DAMA (n=40) and outlier cases (n=2) (hospital stay 134 

>100 days from ‘time from infection’ to outcome) were excluded from the outcome analysis. A 135 

Cox proportional hazards model was fitted with time points ‘time from Enterobacterales isolation 136 

to outcome’ as ‘time-to-event’ and ‘time from admission to Enterobacterales isolation’ as 137 

‘covariate’.  138 

  139 
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Table 5. Stratification of plasmids based on resistance patterns, Inc types, and plasmid size.  140 

NDM-5-positive plasmids 

Plasmid Inc 

type 

Size of plasmid Similarity of 

plasmids in a group 

at the nucleotide 

level 

Group designation for 

this study 

Bacterial host (n*)  

IncFII ~71 kb - FII_N5_1 E. coli: ST410 (1) 

~80 to ~87 kb Coverage: 87% to 

100%; Identity: ≥99% 
FII_N5_2 E. coli: ST101 (2), ST405 (2), ST2083 (1), ST617 

(1)  

K. pneumoniae: ST11 (1)  

~91 to ~99 kb Coverage: 83% to 

100%; Identity: ≥99% 
FII_N5_3 K. pneumoniae: ST23 (11), ST515 (3), ST147 (2), 

ST48 (2), ST11 (1), ST16 (1), ST490 (1) 

E. coli: ST5954 (1), ST10820 (1), ST2659 (1), 

ST405 (1), ST448 (1), ST8346 (1) 

E. cloacae (1) 

C. rodentium (2)  

~127 kb - FII_N5_4 E. coli ST648 (1) 

~238 kb - FII_N5_5 K. pneumoniae ST23 (1) 

IncX3 ~45 to ~49 kb Coverage: 100%; 

Identity: ≥99% 

X3_N5_1 E. coli: ST448 (3), ST167 (2)  

E. cloacae ST113 (3) K. pneumoniae ST16 (1)  

IncFIA ~106 kb - FIA_N5_1  E. coli ST648 (1) 

~118 kb - FIA_N5_2 E. coli ST167 (1) 

~127 to ~128 kb Coverage: 100%; 

Identity: ≥99% 

FIA_N5_3 E. coli ST167 (4)  

~131 kb - FIA_N5_4 E. coli ST131 (1) 

~152 kb - FIA_N5_5 E. coli ST405 (1) 

~159 kb - FIA_N5_6 E. coli ST167 (1)  
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IncFIB(pQil) ~134 kb Coverage: 99% to 

100%; Identity: ≥99% 

FIB(pQil)_N5_1 K. pneumoniae ST231 (3)  

~163 kb - FIB(pQil)_N5_2 K. pneumoniae ST16 (1) 

IncR ~112 kb - R_N5_1 E. coli ST410 (1) 

~143 kb Coverage: 99% to 

100%; Identity: ≥99% 

R_N5_2 K. pneumoniae ST23 (3)  

IncFIB ~123 to ~128 kb Coverage: 100%; 

Identity: ≥99% 

FIB_N5_1 E. coli ST405 (2)  

IncFIB & 

IncFII 

~190 kb Coverage: 100%; 

Identity: ≥99% 

FIB&FII_N5_1 K. pneumoniae ST11 (2)  

IncC ~196 kb - C_N5_1 K. pneumoniae ST515 (1) 

IncFIB(pQil) 

& IncFII 

~203 kb - FIB(pQil)&FII_N5_1 K. pneumoniae ST11 (1) 

IncFII & 

IncC 

~275 kb - FII&C_N5_1 ST515 (1) 

NDM-1-positive plasmids 

IncC ~72 kb - C_N1_1 K. pneumoniae ST11 (1) 

~154 to ~174 kb Coverage: 99% to 

100%; Identity: ≥99% 

C_N1_2 K. pneumoniae ST395 (5)  

~287 to ~296 kb Coverage: 97% to 

100%; Identity: ≥99% 

C_N1_3 P. stuartii (4)  

IncFIB & 

IncHI1B 

~279 to ~345 kb Coverage: 84% to 

100%; Identity: ≥99% 
FIB&HI1B_N1_1 K. pneumoniae: ST15 (3), ST15 (2), ST1998 (1)  
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IncFIB(pQil) ~119 kb Coverage: 100%; 

Identity: ≥99% 
FIB(pQil)_N1_1 K. variicola (1), K. pneumoniae ST14 (1) 

~135 kb Coverage: 100%; 

Identity: ≥99% 

FIB(pQil)_N1_2 K. pneumoniae ST15 (2)  

~163 kb Coverage: 100%; 

Identity: ≥99% 

FIB(pQil)_N1_3 K. pneumoniae ST16 (2)  

IncFIA ~141 kb Coverage: 97%; 

Identity: ≥99% 

FIA_N1_1 K. pneumoniae: ST152 (1), ST16 (1)  

IncR ~70 kb - R_N1_1 K. pneumoniae ST572 (1) 

~152 kb - R_N1_2 K. pneumoniae ST17 (1) 

IncFIB& 

IncFII 

~215 kb - FIB&FII_N1_1 K. pneumoniae ST147 (1) 

~206 kb - FIB&FII_N1_2 K. pneumoniae ST16 (1) 

IncFIB ~150 kb - FIB_N1_1 K. pneumoniae ST16 (1) 

IncFIB & 

IncC 

~304 kb - FIB&C_N1_1 K. pneumoniae ST15 (1) 

IncFII ~158 kb - FII_N1_1 E. cloacae (1) 

IncHI1A ~182 kb - HI1A_N1_1 E. cloacae (1) 

IncHI1B ~242 kb - HI1B_N1_1 E. cloacae (1) 

IncHI2 ~276 kb - HI2_N1_1 E. coli ST38(1) 

IncX3 ~58 kb - X3_N1_1 E. cloacae (1)  

Unknown ~100 kb  un_N1_1 Providencia stuartii (1) 

~100 kb  un_N1_2 S. marcescens (1) 

NDM-7-positive plasmids 

IncX3 ~46 kb Coverage: 97% to 

100%; Identity: ≥99% 
X3_N7_1 E. coli: ST101 (2), ST448 (1)  

C. farmeri (1) 

E. cloacae (1) 

S. marcescens (1) 

NDM-4-positive plasmids 
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IncFIA ~79 kb Coverage: 99%; 

Identity: ≥99% 

FIA_N4_1 E. coli ST648 (3)  

OXA-181-positive plasmids 

IncX3 ~51 kb - X3_O181_1 E. coli ST410 (1) 

IncA/C2 ~182 kb Coverage: 100%; 

Identity: ≥99% 
A/C2_O181_1 E. coli: ST2659 (1), ST8346 (1)  

IncFIC(FII) ~79 kb - FIC(FII)_O181_1 E. coli ST448 (1) 

OXA-232-positive plasmids 

ColKP3 ~61 kb Coverage: 100%; 

Identity: ≥99% 

ColKP3_O232_1 K. pneumoniae: ST231 (3), ST15 (3)  

IncFIB(pQil) ~134 kb - FIB(pQil)_O232_1 K. pneumoniae ST231 (1) 

*n indicates the number of isolates from which plasmids were characterized. Groups are ‘underlined’ and ‘bold’ whether horizontal 141 

transfer of plasmids were predicted for any group based on similarities of plasmids in a group and distribution of plasmids in wide 142 

range of species or wide clonal types. 143 
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 154 

Figure 3 155 
159x89 mm (6.2 x  DPI) 156 

 157 

 158 

 159 

Figure 4 160 
159x89 mm (6.2 x  DPI) 161 
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 171 

Figure 7 172 
159x84 mm (6.2 x  DPI) 173 

 174 

 175 

 176 

 177 

Figure 8 178 
159x83 mm (6.2 x  DPI) 179 
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