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Abstract  38 

Vulnerable pa+ents in an intensive care unit (ICU) sedng are at high risk of infec+on from 39 
bacteria including gut-colonising Escherichia coli and Klebsiella species. Complex ICU 40 
procedures ofen depend on successful an+microbial treatment, underscoring the importance 41 
of understanding the extent of pa+ent colonisa+on by mul+-drug resistant organisms (MDRO) 42 
in large UK ICUs. Previous work on ICUs globally uncovered high rates of colonisa+on by and 43 
transmission of MDRO, but the situa+on in UK ICUs is less understood.  44 
Here, we inves+gated the diversity and an+bio+c resistance gene (ARG) carriage of bacteria 45 
present in one of the largest UK ICUs at the Queen Elizabeth Hospital Birmingham (QEHB), 46 
focussing primarily on E. coli as both a widespread commensal and a globally disseminated 47 
mul+drug resistant pathogen. Samples were taken during highly restric+ve COVID-19 control 48 
measures from May – December 2021. Whole-genome and metagenomic sequencing were 49 
used to detect and report strain level colonisa+on of pa+ents, focussing on E. coli sequence 50 
types (STs), their colonisa+on dynamics, and an+microbial resistance (AMR) gene carriage. 51 
We found a lack of mul+drug resistance (MDR) in the QEHB. Only one carbapenemase-52 
producing organism was isolated, a Citrobacter carrying blaKPC-2. There was no evidence 53 
suppor+ng the spread of this strain, and there was lihle evidence overall of nosocomial 54 
acquisi+on or circula+on of colonising E. coli. Whilst 22 different E. coli STs were iden+fied, 55 
only one strain of the pandemic ST131 lineage was isolated. This ST131 strain was non-MDR 56 
and was found to be a clade A strain, associated with low levels of an+bio+c resistance. Overall, 57 
the QEHB ICU had very low levels of pandemic or MDR strains, a result which may be 58 
influenced in part by the strict COVID-19 control measures in place at the +me. Employing 59 
some of these infec+on preven+on and control measures where reasonable in all ICUs might 60 
therefore assist in maintaining low levels of nosocomial MDR. 61 
  62 
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Impact statement 63 

This study contributes to current literature on the poten+al routes for AMR spread in a 64 
healthcare sedng. This study used whole genome sequencing (WGS) to inves+gate at strain-65 
level bacterial species (including E. coli) colonising the gut of long-stay pa+ents in the ICU. WGS 66 
in combina+on with pa+ent ward movement and prescribing informa+on was used to assess 67 
any links or driving factors in strain acquisi+on and AMR spread in the ICU. 68 
Our study gives an insight at a point in +me where infec+on and preven+on control restric+ons 69 
and awareness were high due to the COVID-19 pandemic, combined with local and na+onal 70 
travel restric+ons and isola+on criteria. Consequently, it provides a novel longitudinal dataset 71 
that gives a picture of colonising E. coli in a sheltered ICU pa+ent popula+on. Trends seen in 72 
this E. coli popula+on are likely linked to the United Kingdom in 2021 rather than the global 73 
picture that may have been seen prior to the COVID-19 pandemic.  74 

Data summary 75 

All suppor+ng data, code and protocols have been provided within the ar+cle or through 76 
supplementary data files. All genomic and metagenomic data are available from NCBI under 77 
BioProject accession PRJNA1136496.  78 
 79 
All relevant metadata is provided in supplementary data files. 80 
 81 
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Introduc3on 83 

The increasing incidence of an+microbial resistance (AMR) interna+onally has a significant 84 
impact in the healthcare sedng, causing increased morbidity and mortality in both the 85 
immunocompetent and immunocompromised (1). Major surgical procedures and other 86 
interven+ons depend on an+microbials to protect high risk intensive care unit (ICU) pa+ents 87 
from infec+on and assist their recovery (2). Gut colonisa+on is one poten+al source of 88 
infec+on in vulnerable pa+ents in an ICU and consequently poten+al AMR transmission. 89 
Mul+drug resistant organisms (MDROs) frequently carry a variety of virulence factors which 90 
help them to easily colonise the gut (3, 4) and with the poten+al to be a risk of infec+on in this 91 
vulnerable popula+on.  92 
Recent studies in South East Asia and China have highlighted significant transmission of 93 
MDROs (including carbapenem resistant Escherichia coli, Klebsiella pneumoniae and 94 
Acinetobacter baumannii) at high levels in the ICU environment (5-9). In some cases this 95 
transmission has been ahributed to breaches of infec+on preven+on and control (IPC) 96 
measures. Travel or inpa+ent hospital stays in endemic areas (e.g., S. E. Asia) increases chances 97 
of gut colonisa+on with these MDROs (10, 11). Colonisa+on with MDROs is a par+cular risk for 98 
ICU pa+ents who generally have longer hospital stays and may be subject to a wide range of 99 
interven+ons (e.g., mechanical ven+lators, intravenous lines), which can provide other 100 
opportuni+es for colonisa+on and subsequent infec+on (12). These pa+ents frequently have 101 
a weakened immune response, chronic pathologies or trauma, so ofen receive many 102 
medica+ons (e.g., painkillers, steroids) and it is more likely that an+microbials will be 103 
prescribed in this environment (13, 14).  Increased use of an+microbials can select for drug 104 
resistant isolates present in the hospital environment and drive the development of MDR.  105 
Long stays in hospital environments can lead to colonisa+on with organisms not frequently 106 
seen in healthy pa+ents (e.g., Acinetobacter) and disturbed microbiomes with overgrowth of 107 
commensal species (e.g., Candida, E. coli) (15, 16). Bacterial isolates found colonising ICUs are 108 
known to differ globally especially in the different burdens and profiles of AMR found (17-21). 109 
As recent studies have shown, E. coli and Klebsiella species are commonly seen in ICUs, both 110 
in the UK and globally (18, 22). 111 
A prospec+ve observa+onal shotgun sequencing study on 24 QEHB pa+ents in 2017-2018 112 
inves+gated changes in the pa+ent gut microbiome during their ICU stay (15). As an+cipated 113 
during an ICU stay, gut microbiome diversity decreased and the commensal gut flora changed, 114 
with overgrowth of Candida species, Enterococcus faecium and E. coli (15). Similarly, other ICU 115 
studies have found dysbiosis of pa+ent gut microbiome and reduced microbiota diversity afer 116 
hospital stays with an increased likelihood of serious nosocomial infec+ons (e.g., sepsis) (23, 117 
24). In contrast to pa+ents on a general ward, ICU pa+ents have been found to have a 118 
significantly increased risk of colonisa+on by an an+microbial resistant organism (e.g., 119 
ampicillin and/or cephalosporin-resistant E. coli), demonstra+ng the effect of the difference in 120 
environment, severity of illness and extent of treatment experienced by ICU pa+ents (20). 121 
With this study (IMPACT2) we aimed to explore the diversity and levels of gut colonising 122 
bacteria in high-risk pa+ents in the UK’s largest ICU, focussing primarily on E. coli and the 123 
prevalence of MDR. This study coincided with strict IPC protocols enforced during the COVID-124 
19 pandemic, providing an ideal opportunity to monitor how these procedures might affect 125 
the transmission of MDR.  126 
 127 

.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 July 25, 2024. ; https://doi.org/10.1101/2024.07.25.605077doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.25.605077
http://creativecommons.org/licenses/by-nc/4.0/


  

 

 

Methods 128 

Sample Collec/on 129 
All bacterial isolates in the IMPACT2 study were obtained from the intensive care unit (ICU) at 130 
Queen Elizabeth Hospital Birmingham (QEHB), University Hospitals Birmingham, NHS 131 
Founda+on Trust (UHB). QEHB houses the largest ICU in the UK by bed-base (68 funded beds) 132 
and annual pa+ent throughput (approximately 5000 pa+ents per annum), which is divided into 133 
four ICU wards by specialty (liver/specialty ICU, general/trauma/burns ICU, neurology and 134 
neurosurgical ICU, and cardiac ICU) and also has 15 side rooms. The trial was approved by the 135 
Yorkshire & The Humber - Leeds East Research Ethics Commihee (Reference, 20/YH/0067). 136 
Study inclusion criteria were that pa+ents must be aged over 18 years and admihed to the ICU 137 
with the expecta+on they would remain there for greater than 48 hours. Study exclusion 138 
criteria included pa+ents aged under 18 years, pa+ents admihed to the ICU who were not 139 
expected to remain there for greater than 48 hours and pa+ents who had opened their bowels 140 
whilst on ICU before enrolment to this study. Pa+ents were recruited and consented to the 141 
study by QEHB research nurses afer discussion with an ICU consultant about the likelihood 142 
they would remain on the ward for over 48 hours. The first stool sample passed by the pa+ent 143 
was stored. Pa+ents then remained in the study for the dura+on of their stay and their stool 144 
samples were collected by trained research nurses un+l discharge or pa+ent death on the ICU. 145 
Metadata was collected including sex, age, admission date to ward, departure date from ward, 146 
bed history, microbiology diagnos+c test results and an+bio+c prescribing history.  147 
 148 
Stool sample Processing 149 
Bacterial isolates were selected for whole genome sequencing (WGS) using bacterial culture 150 
methods on stool culture. In order to isolate colonies of interest 100 µg of each stool sample 151 
was incubated in 10 mL of LB (Miller) broth overnight (shaking 200 rpm, 37 oC). Overnight stool 152 
broths were then diluted in phosphate buffered saline (PBS) to concentra+ons ranging from 153 
10-1 to 10-6. Ini+ally 100 μL from each dilu+on (from neat to 10-6) was plated on both 154 
MacConkey agar (Sigma) and ESBL Chromoselect agar (Sigma). This range of dilu+ons was 155 
reduced to neat, 10-1, 10-3 and 10-6 over the course of the study. Dilu+on plates of MacConkey 156 
and ESBL agar were both incubated overnight at 37 oC and representa+ve popula+ons of all 157 
bacterial isolates were stored in 25% glycerol.  Single isolates from each sample of E. coli and 158 
Klebsiella were selected for short read WGS by MicrobesNG.   159 
 160 
Bioinforma/cs 161 
All short read sequencing data (MicrobesNG) were provided as read files that had undergone 162 
ini+al trimming (Trimmoma+c [v0.3]) with a sliding window quality of Q15 to remove adapters. 163 
Genome assemblies for all isolates were created from their trimmed read files using the de 164 
Novo assembler SPAdes (v3.13.0) (25). All assemblies were annotated using Prokka (v1.14.6) 165 
(26). E. coli isolates were allocated to a phylogroup using ClermonTyping (27). Sequence data 166 
was analysed using mlst (hhps://github.com/tseemann/mlst) (v2.23) to determine species 167 
and sequence types. Klebsiella isolates were run through Kleborate (v2.2.0) for specia+on and 168 
clone typing. Kleborate output files were run through the Kleborate-viz web app 169 
(hhps://kleborate.erc.monash.edu/) (28). Assemblies were analysed using ABRicate (v1.0.1) 170 
with the ResFinder (29) and PlasmidFinder (30) databases to detect acquired AMR genes and 171 
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plasmid replicons. Virulence genes were iden+fied using ABRicate (v0.4.8) and the vfdb 172 
virulence factor database (31). Core gene alignments were created using Panaroo (v1.2.10).  173 
Snippy (v4.6.0) was used to call single nucleo+de polymorphism (SNP)s between the reference 174 
Prokka annotated GenBank (gbk) file and isolates of the same ST. High-resolu+on single 175 
nucleo+de polymorphism analysis used the first isolate of strain as a reference to conduct 176 
strain sharing dynamic analysis. Core SNP alignments were generated using from Snippy-core 177 
(v4.6.0). SNP distances for all species were calculated using snp-dists (v0.8.2). Within 178 
par+cipant or pa+ent comparisons used the earliest isolate as the reference. All further 179 
phylogene+c trees for all datasets were constructed using IQTREE (v2.0.3) on either Panaroo 180 
or Snippy core SNP alignment files. 181 
Metagenomic reads were screened for an+bio+c resistance genes using ShortBRED (32) with 182 
the CARD database(33).  183 
 184 

Results 185 

An overview of the study pa/ent popula/on 186 

Fify-seven pa+ents were recruited to this study (IMPACT2), with our inves+ga+on focussed on 187 
the 44 ICU pa+ents recruited between May 2021 and December 2021.  Twenty-one pa+ents 188 
were excluded as they either did not produce stool samples during their ICU admission or 189 
withdrew from the study, leaving a final total of twenty-three pa+ents (Table S1). Overall, 188 190 
stool samples from 23 pa+ents were processed between May 2021 and December 2021 191 
(Figure 1). 192 
Inpa+ent stays ranged from three to 55 days. In total, 149 puta+ve E. coli and Klebsiella isolates 193 
were whole genome sequenced (Figure 1). Of the 23 pa+ents that produced stool samples, 18 194 
were colonised with E. coli at some point during their ICU stay and six were colonised with 195 
Klebsiella. Pa+ents, ranging in age between 20 and 80 years old, stayed on the ICU for a mean 196 
of seven days (three – 14 days) before they produced a stool sample. Reasons for ICU 197 
admission varied, including stays following planned elec+ve surgery or as a result of other 198 
trauma or need for cri+cal care (Table 1).  199 
 200 

ICU pa/ents were colonised by a diverse popula/on of Enterobacterales 201 

We focussed on the common commensal Gram-nega+ve organisms E. coli and Klebsiella which 202 
can cause invasive disease (e.g. pneumonia, bloodstream infec+ons), transmit between 203 
pa+ents, and are known to circulate in the ICU environment (5, 6, 34). E. coli and Klebsiella 204 
have been reported to exhibit high levels of MDR, including carbapenem resistance, in other 205 
ICU environments.  206 
WGS of organisms isolated from stool culture iden+fied 106 E. coli and 17 Klebsiella species. 207 
Isolates that appeared to be candidate E. coli from colony morphology were iden+fied as 208 
normal gut flora isolates by WGS (Citrobacter [n=8], Enterobacter [n=16]) but these were not 209 
the focus of the study.  The majority of pa+ents (n=20) were colonised with one or more Gram-210 
nega+ve organisms. Eighteen pa+ents were colonised with E. coli during their stay. Four of 211 
these had no E. coli iden+fied in their baseline sample but E. coli was isolated from subsequent 212 
samples during their admission.  Six pa+ents were colonised with Klebsiella species at some 213 
point during their stay, and of these two did not have Klebsiella in their baseline sample (Figure 214 
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2). Pa+ents were frequently co-colonised with mul+ple species for several days (e.g., IMP2-20, 215 
IMP2-24). Three pa+ents (IMP2-11, IMP2-15, IMP2-28) were not colonised with E. coli or 216 
Klebsiella, but were colonised with other species given a presump+ve ID of Staphylococcus, 217 
Enterococcus, or Pseudomonas. 218 

An overview of ICU colonising E. coli popula/on 219 

WGS was used to explore the E. coli popula+on on QEHB ICU, including ST diversity, ARG and 220 
plasmid carriage, and poten+al strain sharing between pa+ents. Twenty-two different STs were 221 
revealed by WGS of the 106 E. coli isolated (Figure 3). The two most abundant STs were ST69 222 
(n=23) and ST58 (n=22) (Tables S4 and S5). The high frequency of ST58 was as a result of 223 
repeated iden+fica+on in mul+ple stool samples from one pa+ent (Figure S3, Tables S4 and 224 
S5). In contrast, the abundance of ST69 was due to mul+ple examples of the same ST in 225 
different pa+ents (Figure 3a). Four pa+ents (IMP2-9, IMP2-10, IMP2-19, and IMP2-32) showed 226 
stable colonisa+on with the same E. coli strain throughout their ICU stay (Figure S6). 227 
 228 
ICU E. coli isolates were diverse and characterised by low levels of AMR gene carriage 229 
Characterisa+on of resistance genes in this ICU E. coli popula+on was carried out to ascertain 230 
whether the diversity of AMR and MDROs at QEHB ICU mirrored that reported in other ICUs 231 
worldwide. The majority of the 106 E. coli isolates (n=72, 68%) colonising pa+ents were found 232 
to have one or more ARGs (Figure 3b). None of the acquired genes confer carbapenem or 233 
colis+n resistance. The most common ARGs found in the colonising isolates were those that 234 
confer resistance to aminoglycosides (aph(3’’)-Ib/strA [n=43, 41%], aph(6)-Id/strB  [n=54, 235 
51%], aadA5  [n=23, 22%]) and sulphonamides (sul1 and sul2 [n=87, 82%]). In cases where 236 
there were mul+ple strains of the same ST (e.g. ST69), varia+on in ARG carriage was observed. 237 
Some, but not all, ST69 strains carried strAB, and there was varia+on between the types of sul 238 
and dfr genes carried (e.g., sul1/sul2 and dfr12/dfr17). Forty-eight isolates (45%) carried 239 
blaTEM, and only ten isolates (9%) carried either of the extended-spectrum beta-lactamase 240 
(ESBL) genes blaCTX-M-15 or blaSHV-102. 241 
The iden+fica+on of resistance genes frequently found in plasmids (blaCTX-M, blaTEM, strAB, 242 
various sul and tet) suggests the presence of AMR plasmids in this set of colonising ICU E. coli 243 
(35, 36). This inference was supported by the presence of plasmid replicons commonly found 244 
in AMR plasmids. We iden+fied plasmid replicons belonging to families of small and large 245 
plasmids (Figure S3a). Amongst small plasmid replicons, ColRNAI types were most common, 246 
while amongst large plasmid replicons F-types (FII, FIA, FIB) dominated. As these genomes 247 
were assembled from short-read sequence data, we have not sought to further link these 248 
plasmid replicons with an+bio+c resistance genes here.  249 
The ICU E. coli popula+on carried a wide range of virulence-associated genes, indica+ve of 250 
their poten+al pathogenic nature (Figure S3b). Virulence-associated genes included those for 251 
capsule, siderophores, haemolysins, P-fimbriae, and type I fimbriae.  252 
 253 
Low levels of AMR in other colonising species 254 

As observed in the colonising E. coli, the sampled Klebsiella species (e.g., Klebsiella oxytoca, 255 
Klebsiella aerogenes and Klebsiella pneumoniae), were not highly drug resistant, with their 256 
most prevalent resistance genes being intrinsic resistance genes (fosA, oqxAB), and the 257 
intrinsic beta-lactam resistance genes, blaLEN, blaOXY and blaSHV. All Klebsiella isolates 258 
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sequenced carried plasmid replicons. Klebsiella plasmid replicons, as observed in E. coli, 259 
included those from small and large plasmid families (Figures S11-S13), but were less diverse. 260 
Other colonising organisms that were whole genome sequenced included Citrobacter and 261 
Enterobacter species (Figures S14-15), with a similarly low level of resistance gene carriage. C. 262 
freundii was the only colonising species to carry genes encoding resistance to carbapenems. 263 
Pa+ent IMP2-20 yielded a C. freundii that carried blaKPC-2 from their baseline stool sample, and 264 
remained colonised by this strain for the dura+on of their stay. This C. freundii strain was not 265 
acquired by any other pa+ents over the course of this study. The IMP2-20 colonising C. freundii 266 
strain carried ColRNAI, Col440I, N-type, R-type and H-type plasmid replicons along with blaKPC-267 
2, other beta-lactamase genes, and streptomycin, sulphonamide, trimethoprim and quinolone 268 
resistance genes (Figure S14). The blaKPC-2 gene in this C. freundii strain was found in a 50 kb 269 
con+g that also included the N-type plasmid replicon. Comparison revealed that this con+g 270 
was 99.9% iden+cal to part of the recently described plasmid pQEB1, which has been 271 
associated with QEHB since at least 2016 (37).  272 
 273 
ARGs with major clinical relevance were rare in ICU pa/ent stool metagenomes 274 
Sixteen pa+ent stool metagenomes were screened to determine whether the sparsity of 275 
acquired ARGs in E. coli isolates were representa+ve of wider gastrointes+nal communi+es, or 276 
whether significant reservoirs of resistance were missed by examining the most abundant 277 
strains. This revealed that ARGs that confer resistance to ESBLs, carbapenems, and colis+n 278 
were rare or were not present. Only two metagenomes contained blaCTX-M genes (samples 279 
QEHB25280921 and QEH25051021), the same pa+ent samples that produced the blaCTX-M-280 
containing E. coli isolate. Intrinsic beta-lactamase genes were found in two samples: the blaOXA-281 
50 gene of Acinetobacter species was in QEHB16260721, while blaADC-2 (Acinetobacter species) 282 
and blaOXY-1-3 (Klebsiella oxytoca) were found in QEHB24170921, but without knowing the 283 
context of these it is not possible to determine the resistance phenotypes they confer. 284 
QEHB24170921 also contained blaCMY-59 and blaMIR-9, ampC-type beta-lactamase genes that can 285 
confer ESBL resistance when mobilised from their original chromosomal contexts. Colis+n and 286 
carbapenem resistance genes were not detected in any metagenomes, despite blaKPC-2 being 287 
found in a C. freundii isolated from one of the pa+ents the metagenomes are derived from, 288 
sugges+ng a very low level of prevalence in that sample.  289 
Although Gram-nega+ve bacteria are the focus of this study, it is noteworthy that the complete 290 
set of vanA-type vancomycin resistance genes found in Tn1546 were detected in sample 291 
QEHB16280721.  292 
 293 
Abundant E. coli STs were pa/ent specific and not circula/ng  294 
Circula+on of STs in the QEHB ICU could facilitate the spread of AMR between vulnerable 295 
pa+ents. To inves+gate the presence of circula+ng STs, SNP differences were calculated and 296 
used to establish poten+al links between strains carried by different pa+ents. SNP analysis 297 
demonstrated that strains were associated with individual pa+ents, with no examples found 298 
of predominant strains circula+ng in the ICU. This indicates that E. coli isolated here are most 299 
likely resident commensal strains and were not acquired by the pa+ent during their ICU stay.  300 
The close associa+on of strains with individual pa+ents was demonstrated by ST69, the most 301 
abundant E. coli ST, where seven dis+nct strains of ST69 were detected in six pa+ents (Table 302 
S4). All closely related isolates (< 13 SNPs different) were iden+fied within the same pa+ent, 303 
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providing six individual examples of persistent colonisa+on with a pa+ent-specific single strain. 304 
There was only one example of colonisa+on with mul+ple ST69 strains, in pa+ent IMP2-30. 305 
There, the strains were notably dis+nct, with 2000 SNPs different. The snapshot of other 306 
species (e.g., Klebsiella) sequenced also demonstrated that in cases where there were mul+ple 307 
isolates of a single ST. In those examples, they were always isolated from the same pa+ent but 308 
at different +mepoints during the longitudinal study. 309 
 310 
Strain transmission on the ICU was rare  311 
When the same ST was found in mul+ple pa+ents, SNP analysis was used to determine 312 
whether strain transmission may have occurred. This SNP analysis showed strain transmission 313 
was rare in the QEHB ICU pa+ent popula+on. Our study highlighted a few instances of mul+ple 314 
pa+ents being colonised with same ST strain, exemplified in isolates of ST58, ST1057 and 315 
ST3672 (Table S5, Figure S7).  316 
An ST58 strain was found colonising two pa+ents, IMP2-21 and IMP2-23. IMP2-23 arrived on 317 
the ICU afer IMP2-21 and was discharged before IMP2-21. IMP2-21 arrived on the ICU 318 
colonised with ST58, whereas IMP2-23 did not have ST58 E. coli in their baseline stool sample 319 
and instead appeared to have acquired it during their ICU stay. Both were inpa+ents at the 320 
same +me on the same ICU ward sec+on, but did not have beds located near each other and 321 
never occupied the same bed loca+on.  322 
Two pa+ents, IMP2-10 and IMP2-13, (Figure S7a) who stayed on the same ward but did not 323 
have overlapping stays were colonised with the same ST1057 strain (11 isolates, zero – six SNPs 324 
different). There is a possibility both pa+ents acquired this strain whilst in hospital or in the 325 
ICU as although they had ST1057 in their baseline samples, both spent over six days on the 326 
ICU before their first stool sample, and prior to this ICU stay one pa+ent spent 13 days on a 327 
general ward. 328 
Pa+ents IMP2-30 and IMP2-32, located on two different ICU wards, were colonised with the 329 
same ST3672 strain in the same month (Figure S7b). In this case there was an overlap in pa+ent 330 
stay on the ICU (16 days). Both were admihed from the community, IMP2-32 had the ST3672 331 
strain in their baseline sample and it was lost, being replaced by another ST3672 strain later in 332 
their stay. The ST3672 shared strain was isolated from IMP2-30 stool on day 23. 333 
Acquisi+on of new E. coli STs appears to have occurred in eight pa+ents during their ICU stays. 334 
Pa+ents acquired E. coli from day six – 23 of their stay. Factors including +me to colonisa+on, 335 
ward loca+on at +me of acquisi+on, +me of ICU admission, an+bio+c prescrip+on, and length 336 
of stay all varied between these pa+ents (Figures 4-5, S8-S10). Pa+ents who appeared to have 337 
acquired E. coli STs afer their ini+al stool sample did not all acquire strains of the same STs. 338 
Acquired STs included ST131, ST2521, ST10, ST1277, ST69, ST141, and ST3672.  339 
Pa+ent IMP2-16 acquired the only ST131 isolate observed in this dataset (H41, Clade A). 340 
Significantly, this pa+ent had spent +me on a general ward before admission to the ICU. Their 341 
ini+al stool sample, produced afer two weeks in the ICU, contained only E. coli ST69, with 342 
ST131 isolated later. Another pa+ent, IMP2-25, transiently acquired a blaCTX-M gene carrying 343 
ST1277 in addi+on to their persistent original blaCTX-M-15-carrying ST1326. The occurrence of 344 
new E. coli STs during the ICU stays in these eight pa+ents is the most likely explana+on of 345 
their occurrence, although +me limita+ons of the study may have resulted in not all STs being 346 
captured.  347 
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Overall, colonisa+on within these pa+ents was fluid, with strains gained and lost throughout 348 
the study (Figures 4-5, S8-10), but with minimal evidence of between-pa+ent transmission.  349 
 350 

Discussion 351 

The prevalence of MDR in ICUs globally is increasingly concerning, with mul+ple ICU 352 
colonisa+on studies iden+fying high incidences of MDR (5-7, 9). Here, we inves+gated whether 353 
the ICU at QEHB had the same burden of MDR as that observed elsewhere. Whilst limited 354 
colonisa+on and strain transmission was uncovered, we found no evidence of MDR in this ICU.  355 
We iden+fied 22 different STs of colonising E. coli from 23 different pa+ent samples taken from 356 
May - December 2021. Whilst this represents reasonable diversity in a single ICU, it is 357 
considerably less diverse that what has been reported elsewhere. A study in Guangzhou, China 358 
iden+fied, for example, 59 different STs over a three-month period (6). At QEHB ICU the most 359 
abundant STs were the common commensals ST69 and ST58, which were both observed at 360 
much lower levels in the Guangzhou ICU. We inves+gated the colonisa+on dynamics of these 361 
isolates, iden+fying 11 pa+ents that had been colonised by more than one E. coli ST during 362 
their ICU stay. There was less dynamic ac+vity of colonising strains in QEHB ICU than what has 363 
been observed previously in nosocomial transmission events (6, 38-40). There was also no 364 
iden+fiable pahern in the gain (Figures 4 and S9) or loss (Figure 5) of E. coli strains. Sequencing 365 
an increased number of isolates per sample alongside with paired metagenomic sequencing 366 
would however have given a broader representa+on of colonising isolates. Overall, our data 367 
suggests that there is less transmission of isolates between pa+ents in QEHB ICU compared to 368 
that observed in ICUs globally.  369 
The lack of MDR carriage in QEHB ICU findings contrasts findings from inves+ga+ons in many 370 
other countries, where mul+ple ICU colonisa+on studies have iden+fied high rates of MDR (5-371 
7, 9). Specifically, there was a very low level of CPE carriage. The only CPE isolated was a blaKPC-372 
2-carrying Citrobacter from IMP2-20 (Figure S10), a pa+ent who had been admihed from 373 
home. This CPE isolate was iden+fied in the ICU baseline stool sample (day six), and it was not 374 
found in stool samples of any other pa+ents during the study. As this blaKPC-2 gene appeared 375 
to be in a plasmid that has been strongly associated with QEHB, we cannot exclude the 376 
possibility that this Citrobacter strain or the plasmid it carried were acquired in the hospital 377 
over the six-day period prior to pa+ent IMP2-20’s baseline stool sample. Similarly, very low 378 
levels of resistance to ESBLs were observed in the QEHB ICU. High occurrence of ESBLs in ICUs 379 
(including NICUs) in Europe has been shown to lead to higher mortality (49), underscoring the 380 
importance of monitoring poten+al outbreaks. We iden+fied only 11 pa+ents colonised with 381 
E. coli carrying β-lactamase resistance genes (e.g., blaTEM, blaSHV, blaCTX-M), with the majority 382 
(n=9) carrying only blaTEM. The blaTEM gene encodes a narrow-spectrum β-lactamase which can 383 
be inhibited by β-lactamase inhibitors (e.g., clavulanic acid, tazobactam). The presence of this 384 
gene is therefore significantly less concerning than that of ESBLs as pa+ents carrying blaTEM-385 
carrying isolates are easily treated. Although colis+n resistance is found in healthcare sedngs 386 
in other countries (41) there was no evidence of colis+n resistance on the ICU. This observa+on 387 
is consistent with the low reported levels of colis+n resistance in the UK more widely (15).  388 
Within the E. coli species there are lineages that are par+cularly problema+c from a healthcare 389 
perspec+ve (40, 41), including the mul+drug resistant pandemic clones ST131-H30R1 and 390 
ST131-H30Rx (42-44). Our study uncovered low numbers of STs of concern (e.g., ST69 [n=7], 391 
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ST73 [n=2], ST131 [n=1]), in contrast to the higher levels found circula+ng in other countries 392 
(38, 42, 43). In line with reports in ICUs globally (6, 45, 46) where ST69 was detected but 393 
transmission was not frequently reported, three QEHB pa+ents acquired ST69 on their ICU 394 
stay and no ST69 transmission was detected.  The single ST131 isolated here was iden+fied as 395 
an ST131 clade A isolate which is known to be largely drug suscep+ble, lacking blaCTX-M and 396 
fluoroquinolone resistance genes (43, 47). ST131 clade A isolates are however s+ll a prominent 397 
cause of infec+ons in countries such as Norway (46), meaning any iden+fica+on in an ICU 398 
should s+ll be treated as a poten+al cause for concern. Overall, the lack of pandemic lineages 399 
here provides addi+onal reassurance as to the low level of MDR concern in the QEHB ICU. 400 
Whilst E. coli was the primary focus on this study, Klebsiella species are also highly problema+c 401 
colonisers of ICUs (7, 48-51). Klebsiella species can carry high levels of resistance, including 402 
plasmids encoding ESBLs (52). The iden+fica+on here of a colonising ST20 K. pneumoniae is 403 
consistent with previous reports where ST20 K. pneumoniae high risk clones caused 404 
nosocomial outbreaks (52, 53). The strain isolated however carry any of the AMR genes of 405 
concern (e.g. blaCTX and blaNDM) that have been found in other studies (54). Whilst this strain 406 
is therefore non-MDR, it highlights the importance of rou+ne surveillance to monitor the 407 
poten+al gain of MDR plasmids by high-risk clones in a hospital sedng. WGS is a cri+cal tool 408 
for this. It was employed here throughout an inpa+ent stay to obtain and characterise strain-409 
level colonisa+on dynamics, and it is cri+cal for detec+ng and understanding the presence of 410 
circula+ng strains. WGS in combina+on with longitudinal sequen+al sampling, as employed 411 
here, can also be used to assess the quality of infec+on preven+on control precau+ons.  412 
This study was carried out when the UK and QEHB were under COVID-19 restric+ons, 413 
represen+ng a snapshot of colonisa+on in unusual, highly controlled condi+ons. Pa+ents were 414 
for example shielded from poten+al colonisa+on opportuni+es as travel and personal 415 
interac+ons were limited prior to admission. Visitors were limited, as was pa+ent mobility 416 
within the hospital, and extensive personal protec+ve equipment was worn. This controlled 417 
pa+ent exposure was in complete contrast to the freedom of movement seen in previous 418 
hospital studies (15), and our results should be considered in this context when compared to 419 
previous colonisa+on studies in QEHB (15) and elsewhere in the UK (38). There was also a 420 
general reduc+on in global travel, reducing the likelihood of colonisa+on by ESBL-E. coli or 421 
CPEs. Isolates detected in the first, baseline stool sample are also more likely to reflect local 422 
community carriage at the +me of admission as opposed to a more na+onal picture that might 423 
have been seen previously.  424 
The overview of specific Gram-nega+ve organisms, including E. coli and Klebsiella, detailed 425 
here gives a beher understanding of the wider picture of colonisa+on dynamics in a large ICU 426 
ward during a period of COVID-19 restric+ons. Tracking and characterising the AMR carriage 427 
found in colonising E. coli uncovered low levels of resistance, underscoring the importance of 428 
robust infec+on control measures. 429 
  430 
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 450 
Fig. 1. Workflow of the study showing the number of pa+ents recruited and the number of 451 
isolates whole genome sequenced. 452 
 453 
  454 
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Table 1. Characteris+cs of pa+ents included in the analysis. Further detail provided in 455 
Supplementary File S1.  456 

 457 
 458 
  459 

Patient Characteristic n (%)
Total Number of Patients 23
Male 15 (65.2%)
Female 8 (34.8%)
Age (years)
Mean 53
Median 54
Range 20 - 80
Length of ICU stay (days)
Mean 18
Median 14
Range 3 - 55
Reason for admission
Neurology 5 (21.7%)
Trauma 5 (21.7%)
Cardiovascular 4 (17.4%)
Hepatic 2 (8.7%)
Oncology 2 (8.7%)
Transplant 2 (8.7%)
Burns 1 (4.3%)
Gastroenterology 1 (4.3%)
Elective surgery 1 (4.3%)
Respiratory 1 (4.3%)
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 461 
 462 
Fig. 2. Timeline of colonising species seen during an ICU pa+ent stay. Pa+ents were in the ICU 463 
at different +mes but for illustra+ve purposes the +meline is the inpa+ent stay day number. In 464 
cases where the same ST is present mul+ple +mes in the same pa+ent they are shown as the 465 
same colour, but these colours cannot be compared between pa+ents. Isolate links are 466 
demonstrated with a solid line. Where this ST is interrupted by another ST, a dashed line is 467 
used. In cases where species aside from E. coli, Klebsiella, Enterobacter and Citrobacter were 468 
iden+fied, an asterisk is used to signify these colonising isolates.  469 
 470 
 471 
 472 
 473 
 474 
 475 
 476 
 477 
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 514 
Fig. 3. a) ST breakdown for all E. coli isolates (n=106) and b) the resistance gene profile for all 515 
colonising E. coli across all pa+ents (n=21). Presence (navy) and absence (grey) of resistance 516 
genes are displayed alongside E. coli ST and pa+ent number.  517 
 518 
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  519 
Fig. 4. Colonising isolate +meline displaying pa+ents who acquired E. coli during their stay afer 520 
having no detectable E. coli in their baseline first stool sample. All species confirmed using 521 
WGS are displayed alongside species presump+vely iden+fied using culture plates only.  522 
An+bio+cs prescribed during a pa+ent stay is displayed below. Pa+ents were in the ICU at 523 
differing +mes but for illustra+ve purposes the +meline is the inpa+ent stay day number. In 524 
cases where the same ST is present mul+ple +mes in the same pa+ent they are shown as the 525 
same colour, but these colours cannot be compared between pa+ents. Isolate links are 526 
demonstrated with a solid line. Where this ST is interrupted by another ST, a dashed line is 527 
used. 528 
  529 
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  530 
Fig. 5. Colonising isolate +melines where E. coli colonisa+on was lost during inpa+ent stay. All 531 
species confirmed using WGS are displayed alongside species presump+vely iden+fied using 532 
culture plates only. An+bio+cs prescribed during a pa+ent stay is displayed below. Pa+ents 533 
were in the ICU at differing +mes but for illustra+ve purposes the +meline is the inpa+ent stay 534 
day number. In cases where the same ST is present mul+ple +mes in the same pa+ent they are 535 
shown as the same colour, but these colours cannot be compared between pa+ents. Isolate 536 
links are demonstrated with a solid line. Where this ST is interrupted by another ST, a dashed 537 
line is used. 538 
 539 
  540 
  541 
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