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Abstract 11 

While conducting genomic surveillance of carbapenemase-producing Enterobacteriaceae (CPEs) 12 

from patient colonisation and clinical infections at Birmingham’s Queen Elizabeth Hospital 13 

(QE), we identified an N-type plasmid lineage, pQEB1, carrying several antibiotic resistance 14 

genes including the carbapenemase gene blaKPC-2. The pQEB1 lineage is concerning due to its 15 

conferral of multi-drug resistance, its host range and apparent transmissibility, and its potential 16 

for acquiring further resistance genes. Representatives of pQEB1 were found in three sequence 17 

types (STs) of Citrobacter freundii, two STs of Enterobacter cloacae, and three species of Klebsiella. 18 

Hosts of pQEB1 were isolated from 11 different patients who stayed in various wards throughout 19 

the hospital complex over a 13-month period from January 2023 to February 2024. At present, 20 

the only representatives of the pQEB1 lineage in GenBank were carried by an Enterobacter 21 

hormaechei isolated from a blood sample at the QE in 2016 and a Klebsiella pneumoniae isolated 22 

from a urine sample at University Hospitals Coventry and Warwickshire (UHCW) in May 2023. 23 

The UHCW patient had been treated at the QE.  24 

 25 

Long-read whole-genome sequencing was performed on Oxford Nanopore R10.4.1 flow cells, 26 

facilitating comparison of complete plasmid sequences. We identified structural variants of 27 

pQEB1 and defined the molecular events responsible for them. These have included IS26-28 

mediated inversions and acquisitions of multiple insertion sequences and transposons, including 29 

carriers of mercury or arsenic resistance genes.   We found that a particular inversion variant of 30 

pQEB1 was strongly associated with the QE Liver speciality after appearing in November 2023, 31 

but was found in different specialities and wards in January/February 2024. That variant has so 32 

far been seen in five different bacterial hosts from six patients, consistent with recent and 33 

ongoing inter-host and inter-patient transmission of pQEB1 in this hospital setting.  34 
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Introduction 35 

University Hospitals Birmingham NHS Foundation Trust (UHB) is one of the largest UK 36 

hospital trusts, spanning four sites that cover the majority of the Birmingham population. The 37 

Queen Elizabeth (QE) site is a 1200-bed tertiary referral centre that includes a 100-bed intensive 38 

care unit (ICU), which is the largest co-located ICU globally. The QE is a level 1 trauma centre, 39 

houses the largest solid organ transplant service in Europe, and sees >400 repatriated patients 40 

per year who have received healthcare abroad.  As a specialist tertiary centre, the use of 41 

carbapenem antibiotics at the QE is one of the highest in England 1. To date, QE clinical 42 

laboratories have isolated over 450 carbapenemase-producing Enterobacteriaceae (CPE), with 43 

approximately 66% of these producing metallo-ß-lactamases KPC or NDM. Around 7% of CPEs 44 

at the QE have been isolated from bloodstream infections, and all-cause mortality in this patient 45 

group is 70% within a year.  46 

 47 

Plasmids are associated with carbapenem resistance in Enterobacteriaceae globally. While 48 

plasmids drive the dissemination of carbapenem resistance genes (CRGs) between bacterial 49 

hosts, smaller mobile genetic elements (MGEs) such as insertion sequences (ISs) and transposons 50 

drive CRG dispersal between plasmids, or between plasmids and host chromosomes 2. Plasmid 51 

topologies, or structures, are shaped by the actions of these smaller MGEs, which can insert into 52 

plasmids, delete or invert parts of them, and combine distinct plasmid backbones with one 53 

another in the form of cointegrates 3–5. It is crucial to study plasmid structures in order to 54 

understand their evolution. Informed comparative analyses can also provide insights into the 55 

ongoing epidemiology of plasmids in clinical settings. An understanding of how plasmid 56 

structures shift following diverse molecular events permits the integration of non-identical 57 

plasmid variants in transmission assessments for evolving lineages.  58 
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 59 

In order to develop a better understanding of the bacterial strains and plasmids associated with 60 

CPE colonisation and infections at the QE, we have been monitoring carbapenem-resistant 61 

isolates by performing whole-genome sequencing using Oxford Nanopore R10.4.1 flow cells. 62 

With the latest flow cell chemistry, this sequencing method enables cost and time-efficient 63 

genomic surveillance of bacterial pathogens and the mobile genetic elements associated with 64 

antibiotic resistance 6. We report our findings here to illustrate the utility of the approach in this 65 

setting, and to highlight the insights our study has so far provided into the biology of a 66 

carbapenem resistance plasmid involved in what appears to be an ongoing outbreak.  67 

 68 

Results 69 

The circular plasmid pQEB1 was found in the complete genome of a ST527 E. cloacae that was 70 

isolated from a patient blood sample at the QE in January 2023. pQEB1 is 62,847 bp and largely 71 

comprised of a backbone related to that of the reference IncN plasmid R46 (GenBank accession 72 

AY046076). The pQEB1 backbone is interrupted by an IS903-like element, a partial copy of IS1, 73 

and a complex 19,918 bp antibiotic resistance region (Figure 1A). The resistance region 74 

interrupts the nuc gene and is bounded by ISKpn6::Tn5403 at one end and IS26 at the other. It 75 

includes complete or partial sequences of at least five further mobile genetic elements: Tn2, 76 

Tn4401, Tn5393, CR1 and at least one class 1 integron. The blaKPC-2 carbapenemase gene is in a 77 

fragment of Tn4401, and the resistance region also contains blaTEM, the sulphonamide resistance 78 

gene sul1, trimethoprim resistance gene dfrA19, streptomycin resistance genes strAB, and 79 

quinolone resistance gene qnrB2.  80 

 81 
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 82 

Figure 1: blaKPC-2-bearing plasmid lineage pQEB1. A) Circular maps of pQEB1 and inversion variant pQEB1_inv1. 83 
Gene names are labelled on the inside of circles, and mobile genetic element names on the outside. The extents of 84 
transfer (tra) regions are marked with labelled arcs and the positions of iteron sequences are indicated. B) Scaled, 85 
schematic maps of pQEB1 variants observed here, beneath the putative ancestral structure, “IncN TypeB”. Each 86 
structure is labelled with the molecular event that generated it. Host species and locations of isolation are indicated 87 
to the right. C) Stepwise evolution of pQEB1 variants from the reference sequence. Structures shown in part B are 88 
represented by circles, and the evolutionary events that generated them by labelled lines.  89 
 90 
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pQEB1 appears to be derived from a plasmid, previously described and named “IncN TypeB” 91 

(TypeB), that was carried by a K. pneumoniae isolated in the UK in or prior to 2016 7. The 92 

resistance regions in pQEB1 and TypeB are inserted at precisely the same backbone position, 93 

but in pQEB1 the region has lost 2,201 bp in an IS26-mediated deletion event and contains a 94 

10,539 bp IS26-flanked segment where TypeB contains a single IS26 (Figure 1B). The presence 95 

of the 10,539 bp segment in pQEB1 can be explained by a targeted conservative IS26 96 

transposition event, which would be expected to produce a structure like this following 97 

integration of a translocatable unit (TU) at the single IS26 in TypeB 8. A plasmid closely related 98 

to pQEB1 has recently been described in association with an outbreak of KPC-2 in Germany 9. 99 

The plasmid circulating in Germany has the same backbone as TypeB and pQEB1, with a 100 

resistance region inserted at the same position, including the same ARG-bearing IS26 TU as 101 

pQEB1. However, structural differences within its resistance region clearly distinguish the 102 

German lineage (represented by GenBank accession CP104944) from pQEB1. For example, 103 

although both feature regions bounded at one end by ISKpn6, in pQEB1 ISKpn6 has been 104 

interrupted by Tn5403, and the German lineage includes an additional 11,821 bp IS26-flanked 105 

segment. We therefore define the pQEB1 lineage on the basis of the structure of its backbone 106 

and resistance region shown in Figure 1A. We used the complete sequence of pQEB1 to query 107 

GenBank (last search May 15, 2024), which returned only two representatives of the lineage. 108 

These were an ancestral plasmid found in an E. hormaechei isolated from a blood sample at the 109 

QE in 2016 (CP035387), and a plasmid with identical structure to pQEB1 in a K. pneumoniae 110 

isolated from a urine sample at UHCW in May 2023 (CP141849) 10.  111 

 112 

We found representatives of pQEB1 in 11 further CPEs isolated from 10 different QE patients 113 

between February 2023 and February 2024 (Table 1). Hosts of pQEB1 included three sequence 114 
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types (STs) of Citrobacter freundii, two of Enterobacter cloacae, and three species of Klebsiella: 115 

pneumoniae, oxytoca and planticola (Table 1). These were isolated in seven different hospital wards, 116 

including in a Geriatric ward that is located in a separate building to the one that hosts the rest 117 

of the specialties listed in Table 1. Representatives of pQEB1 ranged from 62,847 bp to 72,485 118 

bp in size and exhibited nine different structures (Figure 1B, Table 1). We identified structural 119 

differences relative to our reference sequence, and determined the molecular events that gave 120 

rise to each structure found here, revealing that the evolution of pQEB1 has been shaped by the 121 

actions of various mobile genetic elements (Table 1). pQEB1 variants have been impacted by 122 

three different inversion events mediated by IS26, and insertion events involving four different 123 

transposons and four different insertion sequences (Table 1). Notable amongst the acquired 124 

elements were transposons carrying arsenic or mercury resistance genes. In four of six cases, 125 

copies of the newly-acquired elements in pQEB1 variants were found in either the chromosome 126 

or co-resident plasmids of their current hosts (Table 1).  127 

 128 

Table 1: Characteristics of pQEB1 representatives and their bacterial hosts 129 
Patient Isolation 

date 
Specialty1 Host pQEB1 

ID Species ST Size 
(bp) 

Inversion Acquisitions 
1 2 3 

1 25/01/23 L ECL-08 E. cloacae 527 62,847 - - - - 
2 10/05/23 S [MN] CFR-01 C. freundii 95 72,121 - - - merR Tn::IS43214 

3 19/10/23 L [M] CFR-02 C. freundii 111 70,271 - - - Tn::IS55 
4 23/11/23 L [R] CFR-03 C. freundii 22 65,079 + - - IS57084 

5 19/12/23 H [R] ECL-21 E. cloacae 527 67,319 - - + Tn5403 
6 05/01/24 L ECL-22 E. cloacae 310 64,496 + + - - 
7 09/01/24 H [S] RPL-1 R. planticola -3 64,049 - - - ISKpn264, 5 

8 12/01/24 G [M] KOX-3 K. oxytoca 381 72,485 + - - arsR Tn 
9 16/01/24 L ECL-26 E. cloacae 3102 63,675 + - - - 

10 25/01/24 L [R] ECL-28 E. cloacae 3102 63,676 + - - - 
11 27/01/24 L KOX-4 K. oxytoca -3 63,667 + - - - 
8 05/02/24 G [M] KPN-27 K. pneumoniae 318 72,483 + - - arsR Tn 

1 Recent hospital specialty before and during time of isolation [other specialties the patient spent time in]. L = Liver, 130 
M = Medicine, N = Neurology, R = Renal, H = Haematology, S = Surgery, G = Geriatric.  131 
2 Matches ST310 at 6/7 loci, with the remaining locus assigned an ambiguous call.  132 
3 ST not assigned. The K. oxytoca does not share any alleles with ST381.  133 
4 Complete copy also present in host chromosome.  134 
5 Complete copy also present in co-resident plasmid.   135 
 136 
 137 
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Most of the pQEB1 variants observed here were found in a single host each. However, variants 138 

derived from IS26 inversion event 1 (pQEB_inv1) were found in five different bacterial hosts 139 

and six patients between November 2023 and February 2024. As expected for an IS26-mediated 140 

event 11, pQEB_inv1 inverted a 36.6 kb segment of the plasmid, including backbone and 141 

resistance region, generating a new copy of IS26 and an 8 bp target site duplication (Figure 1A). 142 

Variation subsequent to pQEB1_inv1 indicates that this sub-lineage has continued to evolve as 143 

it has transferred between hosts, undergoing another IS26-mediated inversion, or acquiring 144 

IS5708 or an 8,804 bp arsenic resistance transposon (Figure 1C). Plasmids with identical 145 

structures that include the arsenic resistance transposon were found in K. oxytoca and K. 146 

pneumoniae that were isolated from the same patient on the Geriatric ward, two weeks apart 147 

(Table 1).  148 

 149 

Discussion 150 

Our observations of pQEB1 in both clinical and non-clinical CPEs at the QE over the past year 151 

are consistent with the characteristics of a conjugative plasmid outbreak. Representatives of 152 

pQEB1 have been found in multiple bacterial hosts that were isolated from 11 patients who 153 

stayed in multiple wards across two buildings on the QE site. The presence of pQEB1 at UHCW 154 

in May 2023 is concordant with the QE outbreak, and we believe explained by the fact that the 155 

UHCW patient had recently returned to UHCW after spending time at the QE for a procedure. 156 

The observed distribution of pQEB1 over this 13-month period suggests that it has significant 157 

transmission potential in nosocomial settings. Although lineages related to it have been detected 158 

internationally 9,12, pQEB1 exhibits a distinct structure that has so far only been seen in isolates 159 

from the English West Midlands. In future, it will be interesting to track any further spread of 160 

the pQEB1 lineage within and beyond this region of the UK.  161 
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 162 

While the data presented here strongly suggests that pQEB1 is disseminating in this nosocomial 163 

setting, it cannot be used to determine the precise locations in which horizontal transfer is 164 

occurring, whether that be within patients or the hospital environment. Focused surveillance 165 

might reveal environmental reservoirs of carbapenem resistance plasmids. If so, environmental 166 

studies should assist with the identification of targets for targeted infection prevention and 167 

control (IPC) interventions that aim to reduce the spread and persistence of CRGs in hospitals. 168 

Nonetheless, our observation here that the pQEB1_inv1 variant was strongly associated with the 169 

QE Liver speciality, where it was found in multiple patients and bacterial hosts, suggests that this 170 

plasmid successfully persisted there. The QE Liver speciality is one of the largest in the UK, and 171 

provides a comprehensive range of hepatology, liver surgery and liver transplantation services. 172 

The nature of this unit requires frequent, high-level use of broad-spectrum antibiotics including 173 

meropenem and piperacillin-tazobactam, as well as ciprofloxacin and co-amoxiclav, shaping 174 

conditions that seem likely to select for successful carbapenem resistance plasmid lineages.  175 

 176 

In addition to the epidemiological insights, our approach has afforded us the opportunity to 177 

study the evolutionary biology of the pQEB1 lineage. We observed the emergence of several 178 

distinct plasmid sub-lineages through the actions of smaller mobile genetic elements. In most 179 

cases, copies of mobile elements that appeared to be newly-acquired by pQEB1 variants were 180 

found in the chromosome or co-resident plasmids of their bacterial hosts at time of isolation. 181 

This suggests that, given the extent observed in this relatively small sample set, there might be 182 

frequent exchange of smaller genetic elements between plasmids and chromosomes as plasmids 183 

disperse horizontally and pass through new hosts. Concerningly, the pQEB1 lineage already 184 

carries copies of IS26, and we have observed IS26 activity in situ in the form of inversion events. 185 
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IS26 is a major driver of resistance gene accumulation in Gram-negative bacteria, and carriage of 186 

it predisposes plasmids to acquiring further accessory gene-bearing IS26 TUs 13. Though the 187 

acquisition of new TUs was not observed here, pQEB1 is primed for the accumulation of further 188 

antibiotic resistance genes, or for the formation of cointegrates with other plasmids, as has been 189 

observed for a different IS26-associated N-type plasmid lineage that was found in a Proteus 190 

mirabilis in China 4.  191 

 192 

Using only sequence data generated with Oxford Nanopore R10.4.1 flow cells has proven to be 193 

a cost- and time-efficient method for conducting surveillance of CPEs at the QE. Generating 194 

complete plasmid sequences has facilitated an examination of structural variation, which has 195 

provided insights into the epidemiology and evolutionary biology of the pQEB1 lineage. We 196 

expect this approach will be a useful addition to hospital IPC strategies, and will continue to 197 

further our understanding of mobile genetic elements contributing to the emergence of extensive 198 

and pan-antibiotic resistance in hospitals globally.  199 

 200 

Methods 201 

Bacterial strains were grown in LB broth (VWR Chemicals) at 37°C with 180 rpm shaking 202 

overnight. Genomic DNA was extracted from overnight cultures using the Monarch Genomic 203 

DNA Purification Kit (New England Biolabs) and quantified using the Qubit Broad Range 204 

dsDNA kit (ThermoFisher). Genomic DNA was prepared for sequencing with the SQK-NBD114 205 

barcoding kit and sequenced on R10.4.1 flow cells using the GridION platform (Oxford 206 

Nanopore Technologies), with the addition of bovine serum albumin as recommended by the 207 

manufacturer. Reads were assembled using hybracter 14. Plasmid replicons, insertion sequences 208 

and antibiotic resistance genes were detected using PlasmidFinder, ISFinder and ResFinder, 209 
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respectively 15–17. MLST was performed using mlst (https://github.com/tseemann/mlst). 210 

Complete plasmid sequences were visualised and annotated manually using Gene Construction 211 

Kit (Textco Biosoftware).  212 

 213 

Data availability 214 

Sequencing reads are available from NCBI under BioProject Accession PRJNA1106791. The 215 

complete sequences of all pQEB1 structural variants described here are in Supplementary File 1.  216 

 217 

Funding 218 

AM and MB are funded by the National Institute for Health and Care Research (NIHR) 219 

Birmingham Biomedical Research Centre (BRC) – NIHR203326. The views expressed are those 220 

of the author(s) and not necessarily those of the NIHR or the Department of Health and Social 221 

Care. 222 

 223 

References 224 

1. UK Health Security Agency. AMR local indicators - produced by the UKHSA - Data - 225 
OHID. Available at: https://fingertips.phe.org.uk/profile/amr-local-226 
indicators/data#page/1/gid/1938133070/ati/118/iid/93868/age/1/sex/4/cat/-1/ctp/-227 
1/yrr/1/cid/4/tbm/1. 228 

2. Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile genetic elements associated with 229 
antimicrobial resistance. Clin Microbiol Rev 2018; 31. 230 

3. Moran RA, Hall RM. Evolution of regions containing antibiotic resistance genes in FII-2-231 
FIB-1 ColV-Colla virulence plasmids. Microb Drug Resist 2018; 24: 411–21. 232 

4. Hua X, Zhang L, Moran RA, et al. Cointegration as a mechanism for the evolution of a KPC-233 
producing multidrug resistance plasmid in Proteus mirabilis. Emerg Microbes Infect 2020; 9: 234 
1206–18. 235 

5. Ambrose SJ, Harmer CJ, Hall RM. Evolution and typing of IncC plasmids contributing to 236 
antibiotic resistance in Gram-negative bacteria. Plasmid 2018; 99: 40–55. 237 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 8, 2024. ; https://doi.org/10.1101/2024.06.07.597914doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.07.597914
http://creativecommons.org/licenses/by-nc/4.0/


6. Sanderson ND, Hopkins KMV, Colpus M, et al. Evaluation of the accuracy of bacterial 238 
genome reconstruction with Oxford Nanopore R10.4.1 long-read-only sequencing. Microb 239 
Genom 2024; 10. 240 

7. Villa L, Feudi C, Fortini D, et al. Diversity, virulence, and antimicrobial resistance of the 241 
KPC-producing Klebsiella pneumoniae ST307 clone. Microb Genom 2017; 3: e000110. 242 

8. Harmer CJ, Moran RA, Hall RM. Movement of IS26-associated antibiotic resistance genes 243 
occurs via a translocatable unit that includes a single IS26 and preferentially inserts adjacent to 244 
another IS26. mBio 2014; 5: e01801-14. 245 

9. Yao Y, Falgenhauer L, Rezazadeh Y, et al. Predominant transmission of KPC-2 246 
carbapenemase in Germany by a unique IncN plasmid variant harboring a novel non-247 
transposable element (NTE KPC -Y). Microbiol Spectr 2024; 12: e0256423. 248 

10. Turton JF, Turton JA. Long read sequencing provides an insight into plasmids found 249 
among carbapenemase producing Enterobacterales from hospitals in the United Kingdom 250 
during 2021 to 2023. bioRxiv 2024: 2024.03.19.585710.  251 

11. Blackwell GA, Holt KE, Bentley SD, Hsu LY, Hall RM. Variants of AbGRI3 carrying the 252 
armA gene in extensively antibiotic-resistant Acinetobacter baumannii from Singapore. J 253 
Antimicrob Chemother 2017: dkw542. 254 

12. Rada AM, Cadena EDL, Agudelo C, et al. Dynamics of blaKPC-2 Dissemination from non-255 
CG258 Klebsiella pneumoniae to other Enterobacterales via IncN plasmids in an area of high 256 
endemicity. Antimicrobial Agents and Chemotherapy 2020; 64.  257 

13. Harmer CJ, Hall RM. IS26 and the IS26 family: versatile resistance gene movers and 258 
genome reorganizers. Microbiol Mol Biol Rev 2024: e0011922. 259 

14. Bouras G, Houtak G, Wick RR, et al. Hybracter: enabling scalable, automated, complete 260 
and accurate bacterial genome assemblies. Microb Genom 2024; 10. 261 

15. Carattoli A, Zankari E, García-Fernández A, et al. In silico detection and typing of plasmids 262 
using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob Agents Chemother 263 
2014; 58: 3895–903. 264 

16. Siguier P. ISfinder: the reference centre for bacterial insertion sequences. Nucleic Acids 265 
Research 2006; 34: D32–6. 266 

17. Zankari E, Hasman H, Cosentino S, et al. Identification of acquired antimicrobial 267 
resistance genes. Journal of Antimicrobial Chemotherapy 2012; 67: 2640–4. 268 

 269 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 8, 2024. ; https://doi.org/10.1101/2024.06.07.597914doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.07.597914
http://creativecommons.org/licenses/by-nc/4.0/

