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Abstract

Introduction. Shiga toxin-producing Escherichia coli (STEC) 0157:H7 has been the most clinically significant STEC serotype in
the UK for over four decades. Over the last 10 years we have observed a decrease in STEC 0157:H7 and an increase in non-0157
STEC serotypes, such as 0145:H28.

Gap Statement. Little is known about the microbiology and epidemiology of STEC belonging to CC32 (including 0145:H28) in the
UK. The aim of this study was to integrate genomic data with patient information to gain a better understanding of the virulence,
disease severity, epidemic risk assessment and population structure of this clinically significant clonal complex.

Methodology. Isolates of E. coli belonging to CC32 (n=309) in the archives of public health agencies in the UK and Ireland were
whole-genome-sequenced, virulence-profiled and integrated with enhanced surveillance questionnaire (ESQ) data, including
exposures and disease severity.

Results. Overall, diagnoses of STEC belonging to CC32 (290/309, 94%) in the UK have increased every year since 2014. Most
cases were female (61%), and the highest proportion of cases belonged to the 0-4 age group (53/211,25%). The frequency of
symptoms of diarrhoea (92%), abdominal pain (84 %), blood in stool (71%) and nausea (51%) was similar to that reported in cases
of STEC 0157:H7, although cases of STEC CC32 were more frequently admitted to hospital (STEC CC32 48% vs 0157:H7 34 %)
and/or developed haemolytic uraemic syndrome (HUS) (STEC CC32 9% vs 0157:H7 4%).

The majority of STEC isolates (268/290, 92%) had the stx2a/eae virulence gene combination, most commonly associated with
progression to STEC HUS. There was evidence of person-to-person transmission and small, temporally related, geographically
dispersed outbreaks, characteristic of foodborne outbreaks linked to nationally distributed products.

Conclusion. We recommend more widespread use of polymerase chain reaction (PCR) for the detection of all STEC serogroups,
the development of consistent strategies for the follow-up testing of PCR-positive faecal specimens, the implementation of
more comprehensive and standardized collection of epidemiological data, and routine sharing of sequencing data between
public health agencies worldwide.
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DATA SUMMARY

FASTQ files are submitted to the National Center for Biotechnology Information (NCBI). All data can be found under
Bioproject no. PRJNA315192 and strain-specific information is found in Table S1(available with the online version of this
article).

INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) is a group of zoonotic, gastrointestinal pathogens transmitted to humans through
the food chain, contact with animals or contact with environmental sources contaminated with animal faeces [1]. The STEC group
is defined by the presence of the Shiga toxin gene (stx), which is located on a bacteriophage incorporated into the bacterial genome
[2]. Although stx is the defining virulence factor of the STEC group, the presence of additional factors, such as the pathogenicity
island called the locus of enterocyte effacement (LEE) [3] and/or plasmid-encoding genes involved in attachment mechanisms
[4] or survival in the host outside the gut [5] in certain STEC serotypes, are known to increase their pathogenic potential. Shiga
toxin subtypes are associated with symptoms varying in severity, with stx2a and stx2d typically being more associated with severe
clinical outcomes [6, 7].

Symptoms of STEC infection range from mild to severe diarrhoea, often blood-stained, vomiting, abdominal pain and fever.
A subset of infected patients develop haemolytic uraemic syndrome (HUS), characterized by renal failure and neurological
complications, as a result of Shiga toxins targeting epithelial, glomerular, mesangial and endothelial cells [8-10]. STEC HUS is
the leading cause of renal failure in children under the age of 5.

Historically in the UK, public health surveillance systems focused on STEC serotype O157:H7, as this serotype was the causative
agent of the outbreak of HUS when STEC first emerged as a threat to public health in the 1980s [11]. However, over the last
decade we have seen a decrease in the incidence of STEC O157, belonging to clonal complex (CC) 11, [12] and an increase in
STEC belonging to other serotypes or CCs [13].

STEC CCs have different genomic characteristics, including different virulence gene profiles, diverse animal reservoirs and/
or transmission routes and variable geographical distribution; for example, STEC O117:H7 has been associated with travellers’
diarrhoea and sexual transmission [14-17]. To date, the majority of reports on STEC data from the UK Health Security Agency
(UKHSA) have focused on analysing non-O157 STEC as one group [13]. However, the increasing incidence and variety observed
in their microbiological and epidemiological features has highlighted the need to consider each serotype or CC independently. In
England, the CCs frequently associated with HUS are CC11 (O157:H7), CC21 (026:H11), CC165 (080:H2, O55:H9, 0O45:H2)
and CC32 (0145:H28) [12, 13, 18].

Although previously not recognized as a major cause of gastrointestinal (GI) illness in England, globally STEC belonging to
serogroup 0145 are among the six most commonly detected serogroups. The ‘big six’ serogroups, 026, 045, 0103, O111, 0121
and 0145, are described by the US Food and Drug Administration (FDA) as the six key non-O157 serogroups of STEC causing
severe illness in humans [19]. STEC O145:H28 has been detected in the animal reservoir [20-22] and food [23, 24], and has been
identified as the causative agent of a number of outbreaks [24-26].

Despite the importance of this serotype, there is limited information on the epidemiological context and the genomic composition,
including the traits associated with virulence and colonization, of this serotype in the UK. The aim of this study was to integrate
genomic data with epidemiology information in order to gain insight regarding the virulence profile, disease severity, epidemic
risk assessment and genetic origin of this clinically significant clonal complex in the UK and Ireland.

METHODS
Microbiology

In the UK and Ireland, where STEC has been confirmed through polymerase chain reaction (PCR) atlocal diagnostic laboratories
and/or there is clinical suspicion of STEC infection but E. coli O157:H7 cannot be isolated from patient stool samples with
community- or hospital-acquired infection, the stool samples can be referred to the appropriate national reference laboratory
in either England, Scotland or Ireland for confirmatory PCR testing and culture. The Gastrointestinal Bacteria Reference Unit
(GBRU) and Scottish E. coli O157/STEC Reference Laboratory (SERL) employ PCR- and culture-based methods as described
previously [27, 28].

The time frames for detection of the isolates included in this study from each country were as follows: English and Welsh cases
were identified from 2015 to 2021, those resident in Scotland were detected between 2004 and 2021, cases from Northern Ireland
were detected from 2018 to 2021 and STEC isolates from Ireland were referred to the UKHSA for whole genome sequencing
(WGS) from 2016 to 2018 (Table S1).
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STEC surveillance

The devolved administrations of the UK and Ireland operate independant national enhanced STEC surveillance systems. These
surveillance systems comprise data from enhanced surveillance questionnaires (ESQs), which include clinical symptoms, food
history, travel history, and environmental and animal exposures, and these are paired with the microbiological and genomic data
for STEC infections. Aggregate data on demographics (age and sex), clinical symptoms and animal exposures were available from
0145:H28 cases in Scotland. We described the demographics, clinical presentations and exposures of cases of STEC CC32 for
which ESQs were available (England: 106/118, Wales: 4/18 and aggregate data from Scotland: 46/75). No ESQs were available for
this study from Northern Ireland or Ireland.

For comparisons to O157:H7 STEC, clinical presentation count data were taken from previously published clinical symptom data
in England [12]. Statistical analysis (chi® test) was performed on the count data from this study and the O157:H7 STEC study
[12]. The extraction of O157:H7 STEC data from the UKHSA data warehouse was performed for the seasonality comparisons.
Human isolates of O157:H7 that harboured stx, submitted to UKHSA between 2014 and 2021, were taken forward for this analysis.

DNA extraction and genomic processing

Genomic DNA was extracted and sequenced on Illumina HiSeq 2500 platform as described by Dallman et al. [29] and held in
the UKHSA in-house data warehouse. At the SERL, extracted DNA was sequenced on the Illumina MiSeq [30]. Post whole-
genome sequencing (WGS), isolates were processed through an in-house pipeline that includes stx and serotype profiling using
GeneFinder (https://github.com/phe-bioinformatics/gene_finder), with an stx variant database and the Serotypefinder database
[31], as previously described [32]. Multilocus sequence typing (MLST) was performed using Metric Orientated Sequence Typer
(https://github.com/phe-bioinformatics/MOST), as described by Tewolde et al. [33] (Table S1).

Virulence profiling was performed using GeneFinder (https://github.com/phe-bioinformatics/gene_finder) supplemented with
genes associated with the LEE and non-LEE effectors from the Centre for Genomic Epidemiology (CGE) database v2020-05-29
(https://bitbucket.org/genomicepidemiology/virulencefinder_db/src/master/virulence_ecoli.fsa) (Table S2). Antimicrobial resist-
ance profiling was performed through UKHSA GeneFinder (https://github.com/phe-bioinformatics/gene_finder) and an in-house
database (Table S3).

SnapperDB v0.2.6 [34] is the UKHSA in-house database that holds called variant data, achieved from genomic DNA sequencing,
relative to an appropriate reference for Escherichia coli CCs. SnapperDB v0.2.6 [34] was employed to generate whole genome
alignment of isolates belonging to CC32, and Gubbins v2.0.0 [35] was used to identify the recombinant regions. SnapperDB v0.2.6
was used again to generate an alignment of given variant positions that belong to a minimum of 80% of strains in the alignment,
once recombinations regions had been masked, using Gubbins v2.0.0 [35]. This alignment was examined by IQTree v2.0.4 [36]
which produced a maximum-likelihood phylogeny using the best fit model that was visualized in ITOL v5.7 [37].

Cluster identification

Single-nucleotide polymorphism (SNP) addresses (described by Dallman et al. [29]) were generated as part of the processing
pipeline in UKHSA for all isolates submitted to GBRU and were used to identify closely related strains and subsequently clusters.
The SNP address comprises a pairwise clustering approach to assign distance threshold levels that descend: A250, A100, A50, A25,
A10, A5, AO. Clusters were defined as three or more isolates that fall within the same 5 SNP single linkage cluster. Commonly,
isolates that belong to a cluster are likely to be epidemiologically linked and/or share a common exposure.

The program snp-dists (https://github.com/tseemann/snp-dists) (a pairwise SNP distance matrix) was used to identify any
additional SNP clusters or isolates that could be added to the pre-existing SNP clusters that were not initially picked up through
the SNP address investigations.

The program fastbaps [38] (https://github.com/gtonkinhill/fastbaps) was used to identify genetic clusters from the SNP alignment
that was provided to generate the phylogeny. The command line script that is installed with the software was used and clustering
was set to level 5 (-1 5). Level 4 was where the clusters were genetically different.

Comparison of CC32 UK data with 0157:H7 UK data and global publicly available CC32 data

The epidemiological data for STEC CC32 cases was compared to the published English data for O157:H7 (12). The seasonality
of STEC CC32 was compared to that of STEC O157:H7, based on the dates of sample collection for O157:H7 routinely referred
to GBRU.

Assemblies submitted to Enterobase [39] from global laboratories belonging to ST32, ST6130 and ST137 were identified using
Enterobase workspaces (Table S4).

Global sample assemblies (1=926) were downloaded from Enterobase [39] (Table S4) and where collection year was available, the
dates ranged between 1983-2021. The 309 samples referred to UKHSA (collection years 2004-2021) were assembled using Spades
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Fig. 1. Annual number of STEC cases belonging to CC32 reported to UKHSA, originating from England, Wales, Scotland and Northern Ireland (n=223)
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V 3.8.0 [40]. Quast v.5.0.2 [41] was used to investigate the quality of the assemblies from Enterobase [39] and Spades [40], and
quality metrics are found in Table S5. Assemblies with a total length of ~4.8-5.7 Mbp with a number of contigs up to ~500and
a GC% of ~50% (min-max=48-52%) were included in the analysis. This resulted in 920 samples from countries outside the UK
and 303 samples from the UK from this study.

Parsnp v2.3.4 [42] was used to investigate the phylogenetic relationship of UK samples in a global context built against reference
CP006027.1 (ESC_GA4801AA_AS). Harvest v1.2 [42] was used to obtain the core gene alignment from Parsnp output, and fed
into IQ Tree with 1000 bootstraps using the best-fit model. The tree was visualized in ITOL [37].

RESULTS

Epidemiology

Of the 309 cases of CC32 in the UK and Ireland in this study, there were 290 cases of STEC, of which 67/290 (22%) were resident
in Ireland and were diagnosed between January 2016 and December 2018, and 223/290 (78 %) were notified to UK public health
agencies between 2004 and 2021 (England n=118/290, 41%; Scotland n=75/290, 26 %; Wales n=18/290, 6%; Northern Ireland
n=12/290, 4%). Of these, 286/290(99%) belonged to STEC serotype O145:H28. Overall, diagnoses of STEC O145:H28 in the
UK have increased every year since 2014 (except in 2019) (Fig. 1). Cases were detected in all regions of England, with the South
East having the highest frequency (n=35/118, 30%), followed by London (n=22/118, 19%).
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Fig. 2. Age—sex distribution of STEC cases reported to UKHSA [isolates originating from England, Wales, Northern Ireland and Ireland (n=211)], where
date for birth and sample or receipt date were available.

For those cases of STEC CC32 where sex data were available (1=260/290), 61% (1n=158/260) of the cases were female, compared
to 56% for STEC O157:H7 (12). Where age and sex data were available (1=211/290), the median age for infections of STEC
0145:H28 in females was 25years [interquartile range (IQR): 5-50], and for males the median age was 14years (IQR: 4-41),
which is comparable with STEC O157:H7, where the female and male median ages are 26 and 17 years, respectively [12]. As with
STEC 0O157:H7 infection, the highest proportion of cases belonged to the 0-4 age group for both males and females (53/211,
25%) (Fig. 2) [12]. Seasonal variation in the number of cases of STEC O145:H28 was reported, with numbers increasing from
June and peaking in October, before decreasing to baseline levels during the winter months (Fig. 3). In contrast, the increase in
case reports of STEC O157:H7 (n=4516) between 2014 and 2021 started earlier in April and peaked in August (Fig. 3).

Clinical outcome data were available for 156 cases of STEC O145:H28 from England, Scotland and Wales (Table 1). Diarrhoea
(92%), abdominal pain (84%), blood in stool (71%) and nausea (51%) were reported in over half of the cases and the frequencies
were similar to those reported for cases of STEC O157:H7 (chi? test: P>0.05) (Table 1). When compared to STEC O157:H7, cases
of STEC O145:H28 were more frequently admitted to hospitals (STEC O145:H28 48% vs O157:H7 34%; chi? test: P<0.05), and
HUS was more frequently reported (STEC O145:H28 9% vs O157:H7 4%; (chi? test: P<0.05) (Table 1). Among the 14 patients
infected with STEC O145:H28 who developed HUS, further details were available for the 13 English cases. The sex distribution of
cases revealed that eight females and five males were diagnosed with HUS. Six cases (46 %) were aged between 0 and 4 (including
one fatal case), two (15%) were between 5 and 9, three (23%) were between 10 and 19, and two (15%) were aged 45 years or above.
Twelve of the isolates infecting the English HUS cases had stx2a, and one (the fatal case) had stx1a, stx2a.
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Fig. 3. Number of CC32 STEC (n=290) and 0157:H7 (n=4516) by months in the UK and Ireland. The left y-axis and blue line indicate cases of CC32 STEC
and the right y-axis and pink line indicate cases of 0157:H7 STEC.

ESQ data, including information on animal exposures and travel histories, were available for 106 cases of STEC O145:H28. Over
half of the cases reported contact with animals (Wales n=3/4, 75%; Scotland n=30/46, 65%; England n=55/106, 55%) (Table 2), and
12/106 (11%) reported travelling outside the UK within 7 days of onset of associated symptoms. Travel destinations were diverse,
with two cases each reporting travel to Germany, Turkey and Tunisia and one case each to Armenia, France, Greece, Ireland,
Italy and Portugal. Of the four cases from Wales with epidemiological data, one case confirmed travel to Ireland prior to illness
onset. Three cases in Scotland had reported travel outside the UK prior to illness onset, but travel destinations were not available.

Population structure of CC32 in the UK and the global context

Overall, 309 isolates belonging to CC32 were analysed in this study, including 242/309 from the UK archives identified between
2004 and 2021, and 67/309 from Ireland identified between January 2016 and December 2018. Of these, 290/309 (94%) isolates
harboured one or more stx and were defined as STEC. The remaining 19 isolates had eae but not stx and were defined as enter-
opathogenic E. coli (EPEC). Genome-derived serotyping revealed that O145:H28 was the dominant serotype (305/309, 99%), with
serotypes O unidentifiable:H28 (2/309, 0.6%), O145:H16 (1/309, 0.3%) and O5:H9 (1/309, 0.3%) also being detected (Fig. 4). All
EPEC isolates were serotype O145:H28.

Genome-derived MLST revealed four sequence types (STs): ST32 (269/309), ST137 (24/309), ST6130 (15/309) and ST8625 (1/309)
(Fig. 4, Table S1). The population structure of CC32 from the UK was generated against reference CP006027 and fastbaps was used
to identify genetic clusters based on the alignment. Seven genetic clusters (GCs) were identified using the algorithm (Fig. 4). The
GC names are as follows; ST32-1, ST32-2 (ST8625 was part of GC2), ST1373, ST137-4, ST137-5, ST6130-6 and ST137-7. Visual
inspection of ST32-2 revealed that this GC appeared to further split into three clades, where the branches have been coloured
purple (ST32-2A), red (ST32-2B) and green ST32-2C).

The global population structure of CC32 includes ST32, ST137, ST6130 and ST8625 (Fig. S1). ST32 makes up the majority of the
population, and this ST was pruned in ITOL to further detail the structure of ST32 globally (Fig. S1). The UK isolates of ST32
appear in two main clusters, indicating that there are two domestic clades within the UK. In the UK tree and global tree the two
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Table 2. Animal exposures of CC32 STEC cases from England (n=106), Scotland (n=46) and Wales (n=4) with comparison to 0157:H7 STEC cases in
England [12]

STEC CC32 STEC O157:H7
Animal England (n=106) Scotland (n=46) Wales (n=4) Overall (n=156) 2009-2014 2015-2019
(n=4812) (n=2786)
Animal Count % Count % Count % Count % % %
Contact with animals 55 52 30 65 3 75 88 56 56 59
Dogs 39 37 20 43 3 75 62 40 32 36
Cats 22 21 9 20 0 0 31 20 23 24
Visited farm 13 13 6 13 1 25 30 19 14 11

domestic clades in the UK were shaded in green and blue (Figs 4 and S1). The remaining UK isolates were dispersed across the
tree and were situated with isolates originating from multiple countries, including the USA, Japan and Europe (Fig. S1). These
isolate branches have also been coloured to match the branch colours in Fig. 4 to show the relationship between the UK and
global populations. Associated travel data for isolates in the England were limited, but the patient in one case (SRR8087115) had
travelled to France and that isolate clustered with isolates from France (Fig. S1).

Virulence genes associated with STEC CC32

Analysis of the stx subtyping revealed that stx2a was the most common subtype detected (1=268/290, 92%), followed by stxla
(n=11/290, 4%), stx2c (n=5/290, 2%), stxla,stx2a (n=3/290, 1%) and stx2d (n=3/290, 1%) (Fig. 4, Table S1). Over half (15/24,
63%) of the ST137 isolates were EPEC and the remaining seven isolates harboured stxla (n=4), stx2c (n=1) and stx2a (n=4)
(Fig. 4). Twelve of the 15 ST6130 isolates harboured stx2a, with the remaining 3 not harbouring any Shiga toxin-encoding phage.
ST32 was the largest ST and only 1/269 (0.4%) was EPEC. The remaining 268 isolates harboured stx2a (n=252), stx1a (n=6), stx2c
(n=4), stxla,stx2a (n=3) or stx2d (n=3).

Isolates were examined for genes that confirm the presence of the LEE, such as espA, espB, espF and tir. These 4 genes were detected
in all 309 isolates, along with the presence of eae, confirming the LEE in CC32. We also screened the isolates for non-LEE effectors
such as, esp], nleA, nleB and nleC, where presence was varied. The genes esp], nleA, nleB and nleC were detected in the majority
of isolates (Fig. S2), with the exception of ST137-3 for esp] and nleC. The gene iss was detected in ST137-3, ST137-4 and all of
ST32 (with two exceptions) (Fig. S2, Table S2).

Genes associated with the pO157 plasmid were investigated. Detection of these genes varied between the STs and sub-clusters
of ST32. The gene ehxA was detected in all but six isolates and these six isolates did not harbour espP, toxB or katP either. The
gene espP was not present in ST137-4, ST137-5, ST137-7 and ST6130-6. The genes katP and toxB were not present in ST137-3,
ST137-5, ST137-7 and ST6130-6. The gene katP was also not detected in ST32-2C (one of the domestic clades) (Fig. S2). When
we compare STEC CC32 virulence gene detection to that for another emerging HUS-causing clonal complex, CC165, the data
show that STEC CC32 (0145:H28) has isolates that harbour katP and toxB, whereas CC165 does not [18].

Genome-derived AMR profiles

Three hundred and eight of 309 CC32 isolates were AMR-profiled in silico, with 48/308(16%) being multidrug-resistant (where 3
or more resistance determinants against different antimicrobial classes were detected in the genome) (Fig. S3, Table S3). Fifty-one
(17%) isolates harboured resistance determinant to aminoglycosides, with the most common profile (strA/strB) being detected
in 46 samples (Table S3). This was followed by 46/308 (15%) isolates with resistance determinants to sulfonamides; the most
common profile was 36/46 isolates harbouring sul-1 or sul-2 (Table S3). Resistance to tetracyclines was held by 40/308 isolates
with 25/40 harbouring tet(A)-1 (Table S3).

Beta-lactam resistance was predicted in 33/308 (11%) isolates, with TEM-1 detected in 27/33 isolates (Table S3). Trimethoprim
resistance was predicted in 12/308 isolates, with 7/12 isolates harbouring dfrA-1 (Table S3). Eight of 308 (2.5%) isolates held
resistance to chloramphenicol, where all eight isolates had floR, and four isolates had an additional gene catA-1 (n=3) and cml-1
(n=1) (Table S3).

Outbreak detection and investigation

There were 17 SNP clusters of cases with isolate sequences that fell within a 5 SNP single linkage cluster (Figs 1 and 5) based on
SNP address and SNP distance investigations. All isolates in clusters were STEC serotype O145:H28 and stx subtype stx2a. The
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Fig. 4. Population structure of CC32 in the UK (midpoint rooted) curated in IQTree2 through an alignment of variant positions with a length of 9168
bases. The sequence type (ST) of isolates is shown through the colouring of isolate labels. The stx profile of isolates is indicated as the first colour strip
after the ST labels. fastbaps genetic clusters are indicated by the first colour strip external of the ST labels. Where ST32-2 subdivides to ST32-2A,
ST32-2B and ST32-2C, this has been indicated as coloured branches (purple, red and green, respectively). The country the isolates were referred to is

indicated by the shaded green colour bar. SNP clusters within the population are also indicated through the outer ring that represents the 17 different
clusters identified through the SNP address and SNP distance analysis.

median number of persons identified in each cluster was 4 (range: 3-16) (Table 3). Of the 17 clusters, 6 (38%) involved household
transmission based on associated metadata taken during sample collection and referral.

Seven clusters were geographically dispersed, and likely to be associated with foodborne transmission (clusters 4, 5, 8, 12, 13, 15,
17). Eleven of the 17 clusters were temporally related, with the duration of time between cases ranging from 3 to 35 days (Table 3).

The largest cluster (cluster 7) comprised 17 cases, of which at least 10 were aged 5 and under, and the evidence indicated that this
cluster was associated with a nursery outbreak and subsequent familial spread. Additionally, 16 of the 17 cases were reported in
September and October 2017, and one final case was reported in January 2018.
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Fig. 5. SNP clusters of CC32 STEC serotype 0145:H28 identified in the UK and Ireland. Each pointis a 0 or 5 SNP cluster (n=11) (identified through 0 and
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order of appearance: i.e. cluster 1 was the earliest date and cluster 16 was the most recently detected. Each cluster is represented by different colours,
with the size of each dot proportional to the cluster size. The x-axis is the year-month of the detection for the first case of each cluster, with the y-axis
showing the average distance in miles (beeline approach) between isolates within the cluster. Postcode information is missing for one isolate in cluster
5 and for all isolates in clusters 1, 2,3, 6,7 and 11.

There were two clusters widely dispersed over (clusters 10 and 15), both comprising cases with symptom onset dates over
12months apart. Cluster 10 had four isolates, three from England in October/November 2021 (where 2/3 isolates had familial
linkage) and one isolate from Scotland in August 2019. Of the 10 cases in cluster 15, 6 isolates were notified in September 2020
and 4 were detected in October 2021. This cluster was investigated and imported salad vegetables were the suspected vehicle,
but this was not confirmed. Cluster 5 revealed that five cases that were reported in England and Scotland were referred within a
2 month range, whereas the case from Ireland was reported 4 months later.

DISCUSSION

During this study, analysis of trend data to assess incidence and prevalence of STEC CC32 was challenging due to the inconsisten-
cies in the way surveillance is conducted across the UK and the ongoing changes to the algorithms for the diagnosis of non-O157
STEC. For Northern Ireland, Scotland and Wales, where surveillance strategies have been relatively consistent since 2018, the
number of cases each year has fluctuated. Despite social distancing lockdown restrictions during the coronavirus disease 2019
(COVID-19) pandemic, the number of cases of CC32 in England has increased during the last 2 years; however, it is difficult to
unpick whether this is a true increase or due to improvements in the diagnostics algorithms for STEC.

Although in England cases were reported across all the regions, the highest rates were seen in the South East and London, where a
higher proportion of local diagnostic laboratories have implemented PCR. This pattern has been seen with other clonal complexes
of non-O157 STEC in England [18]. In addition to the inconsistent approach to the detection of non-O157 STEC across England,
strategies for referral of PCR-positive faecal specimens to the national reference laboratories for confirmation, culture and typing
also vary, further confounding the surveillance of non-O157 STEC.
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Table 3. SNP clusters of CC32 STEC cases isolated in the UK and Ireland identified through the generation of single linkage SNP addresses. Columns
indicate country/countries of origin, number of cases in each cluster and the duration in days between the first and last case in each cluster, based
on receipt date, as this was consistently reported across all cases. Asterisks (*) identify the clusters where the epidemiological data suggest a level of
familial transmission. Data for familial transmission in Scottish cases were not available

Cluster Country/countries Cases (n) Duration between first and last case (days)
1 Scotland 5 35
2* Ireland 3 14
3* Ireland 7 10
4 England and Scotland 6 29
5 England, Scotland and Ireland 6 165
6* Ireland 4 114
7* Ireland 17 109
8 England and Scotland 4 3
9 Scotland 3 3
10* England and Scotland 4 810
11 Scotland 3 8
12 England and Scotland 4 95
13 England and Scotland 4 19
14* Wales 4 4
15 England and Scotland 10 399
16 England 3 23
17 England and Wales 5 14

As with STEC O157:H7, there was higher proportion of female cases, most notably in the young adult age groups. Historically,
this has been attributed to the increased risk of exposure to STEC during food preparation and childcare, although these are no
longer regarded as traditionally female roles. Overall, as with STEC O157:H7, the majority of cases were aged 04 years old, which
may be due to the increased likelihood of children in that age group presenting to primary healthcare when symptomatic, or
may be a true indication that children under the age of 5years old are more vulnerable and more susceptible to STEC infection.

Clinical presentation of STEC 0145:H28 STEC mirrors that of 0157:H7 STEC, with high rates of diarrhoea, abdominal pain and
blood in the stool [12]. The risk of developing HUS for O145:H28 STEC in England was lower than the risk following infection
with CC165 [18], but higher than that associated with O157:H7 STEC [12]. The higher proportion of HUS cases in patients
infected with STEC O145:H28 when compared to STEC O157:H7 is likely to reflect the higher proportion of isolates harbouring
eae and stx2a, a combination of virulence genes associated with more severe clinical outcomes [6]. STEC belonging to CC165
carry additional plasmid-encoded extra-intestinal virulence genes, in addition to eae and stx, which are thought to enhance their
pathogenic potential [18].

While the source and transmission routes of O157:H7 STEC are well described, those for most of the non-O157 STEC clonal
complexes, in the UK at least, are less clear. However, as with STEC O157:H7, there is evidence that cattle are an important zoonotic
reservoir of STEC O145:H28 in the UK and elsewhere. A recent cattle survey in the UK provided evidence that STEC O145:H28
are endemic in UK cattle [21], and STEC O145:H28 has also been detected in cattle/cattle farms in Belgium and the USA [20, 22].
The most common animal contact reported by the English cases was with dogs. Recently, outbreaks of gastrointestinal disease have
been associated with handling raw pet food [43]. Dog owners are also more at risk from environmental exposures while walking
in rural areas inhabited by cattle and other ruminants that may be colonized with STEC or wildlife acting as transient vectors.

Although only approximately 25% of local diagnostic laboratories in England are able to detect non-O157 STEC using PCR, a
number of outbreak clusters of STEC O145:H28 were detected in England. These clusters were small and geographically dispersed,
and for the most part, temporally related, indicative of foodborne transmission linked to a nationally distributed product. STEC
0145:H28 have been linked to foodborne outbreaks caused by contaminated flour, ice cream and leafy greens [23, 24, 26]. We
also observed evidence of person-to person transmission of STEC O145:H28, as a number of household clusters were detected,
together with an outbreak potentially linked to a nursery school, as also described previously [25]. These data provide evidence
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that person-to-person transmission of STEC O145:H28 can occur in certain settings. As with STEC O157:H7 and STEC 026:H11,
transmission of O145:H28 is likely to be facilitated by a low infectious dose and long-term asymptomatic shedding, and patients
in high-risk groups, such as children aged 5 and under and food handlers, should be excluded from returning to childcare settings
or work until their faecal specimen is microbiologically clear of the pathogen [20, 44].

In common with most STEC clonal complexes detected in UK residents - CC165 and CC504 being notable exceptions — the
majority of isolates belonging to CC32 were predicted to be fully susceptible to the 10 classes of antibiotic included in the testing
algorithm, based on the genome-derived AMR profiles. The most commonly detected genes conferred resistance to ampicillin,
aminoglycosides, sulphonamides and tetracyclines, and these antimicrobials account for the majority of antimicrobials sold for
veterinary use [45]. As STEC is zoonotic, it is plausible that, historically, antimicrobial use in animal husbandry was a driver for
the acquisition of the resistance determinants observed in a subset of STEC in the UK.

The identification of UK domestic clades within the global context, the low number of travel-acquired infections and the recent
cattle survey provided evidence that STEC O145:H28 is endemic in the UK. As with STEC O157:H7, ruminants may be the
primary zoonotic reservoir, although further animal sampling surveys are required to determine the range of animal hosts and
the role of transient wildlife vectors and household pets. We know that clinical outcomes of infection with STEC O145:H28 are
similar to those for STEC O157:H7, and there may be a higher risk of hospitalization and progression to HUS, most likely because
of the high proportion of the STEC O145:H28 population that have the highly pathogenic stx2a and eae gene combination.

We recommend the more widespread use of PCR for the detection of all STEC serogroups, as well as more consistent strategies
for the follow-up confirmation/characterization of PCR-positive faecal specimens. More comprehensive and standardized collec-
tion of clinical outcomes, food and environmental exposure data, and routine sharing of sequencing data between public health
agencies in the UK, will facilitate the detection and investigation of future outbreaks of STEC O145:H28.
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