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ARTICLE INFO ABSTRACT

Key words: Escherichia coli ST127, a recently emerged global pathogen noted for high virulence gene carriage, is a leading

E. coli cause of urinary tract and blood stream infections. ST127 is frequently isolated from humans and companion

ST12,7 . . . animals; however, it is unclear if they are distinct or related populations of ST127. We performed a phylogenomic
E:;r;}ntestmal pathogenic E. coli analysis of 299 E. coli ST127 of diverse epidemiological origin to characterize their population structure, genetic
Genomic epidemiology determinants of virulence, antimicrobial resistance, and repertoire of mobile genetic elements with a focus on
Phylogenomics plasmids. The core gene phylogeny was divided into 13 clusters, the largest of which (BAP4) contained the

majority of human and companion animal origin isolates. This dominant cluster displayed genetic differences to
the remainder of the phylogeny, most notably alternative gene alleles encoding important virulence factors
including lipid A, flagella, and K capsule. Furthermore, numerous close genetic linkages (<30 SNPs) between
human and companion animal isolates were observed within the cluster. Carriage of antimicrobial resistance
genes in the collection was limited, but virulence gene carriage was extensive. We found evidence of pUTI89-like
virulence plasmid carriage in over a third of isolates, localised to four of the major phylogenetic clusters. Our
study supports global scale repetitive transfer of E. coli ST127 lineages between humans and companion animals,
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particularly within the dominant BAP4 cluster.

1. Introduction

E. coli is both a ubiquitous commensal species and important path-
ogen of vertebrates. There are more than 11,000 E. coli sequence types,
but only a handful of pandemic lineages, including ST131, ST69, ST73,
ST127, ST95 and ST117, are recognized human extraintestinal patho-
genic E. coli (EXPEC) (Manges et al. 2019). Though genetic backgrounds
such as phylogroups are broadly predictive of pathogenicity, a
comprehensive understanding of genomic, host and environmental
factors that facilitate expansion of these lineages from relative obscurity
to globally disseminated pathogens is lacking. As most extraintestinal
infections are caused by ExXPEC resident among the host fecal
commensal microbiota, holding a competitive advantage in commensal
niches is one factor likely to influence the emergence of pandemic
ExPEC. Mobile genetic elements (MGEs), particularly plasmids, that
carry genes conferring virulence, antimicrobial resistance and expansion
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of metabolic capacity represent important genomic factors in this regard
as they may simultaneously facilitate both commensal fitness and
extraintestinal pathogenicity (Johnson 2021). One health genomic
epidemiological approaches are required to account for the multiplicity
of interactions between E. coli genomic backgrounds, MGEs, and their
distribution across hosts and geographies (Soysal et al. 2016). These
methods and the information they generate are key building blocks of
future genomic surveillance systems that may allow tracking and pre-
diction of emerging pathogens with relevance to human and animal
health.

E. coli ST127 is a recently emerged pathogen noted for high virulence
gene carriage (Gibreel et al. 2012; Darling et al. 2014). ST127 is a
leading cause of human urinary tract (Banerjee et al. 2013; Alghoribi
et al. 2015; Ciesielczuk et al. 2016; Yamaji et al. 2018; Manges et al.
2019) and blood stream infections (Hastak et al. 2020) in most regions of
the world and has been: i) associated with necrotizing enterocolitis in
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pre-term infants (Ward et al. 2016); ii) cultured from neonatal naso-
gastric feeding tubes (Alkeskas et al. 2015); and iii) transmitted sexually
between males with febrile UTI and their female partners (Ulleryd et al.
2015). In returning travelers, multiple drug resistant variants of ST127
can colonize the gut of healthy humans and be shed for considerable
periods in the absence of antibiotic selection (Zurfluh et al. 2016).
Isolation from companion animals (Johnson et al. 2008; Bourne et al.
2019; Kidsley et al. 2020a; Kidsley et al. 2020b), whales (Melendez et al.
2019), bats from the Congo (Nowak et al. 2017), and river water in
Japan (Gomi et al. 2017) indicate it is adept at colonizing diverse hosts.
ST127 are also known to be particularly lethal in a Galleria mellonella
model of infection (Alghoribi et al. 2014). These attributes rank ST127
as a major threat to the health of humans and companion animals.

The influence of mobile genetic elements, particularly plasmids, on
the evolution of pathogenic E. coli is increasingly acknowledged. Plas-
mids belonging to the F replicon family are conspicuous in this regard. F
plasmids are a heterogenous group of typically conjugative plasmids
that often carry virulence-associated genes (VAGs), antimicrobial
resistance genes (ARGs) and insertion sequences (IS) that may facilitate
rapid evolution via gene gain or loss (Johnson 2021). Two major groups
of F plasmids, commonly found in ExXPEC are ColV plasmids and
Colla/pUTI89-like plasmids. Both groups carry operons that function in
iron-acquisition and are associated with both intestinal fitness and
extraintestinal virulence (Cusumano et al. 2010; Johnson 2021). Whilst
ColV plasmids frequently carry large clusters of ARGs (McKinnon et al.,
2018; Moran and Hall 2018; Cummins et al., 2022), pUTI89-like plas-
mids rarely carry such genes and are also negatively associated with
strain carriage of ARGs (Stephens et al. 2017; Cummins et al. 2022).
ColV plasmids are highly associated with poultry source E. coli, such as
ST117 (Cummins et al. 2019; McKinnon et al. 2018; Cummins et al.
2022) but are also typical of broad host range E. coli, such as specific
lineages of ST131-H22 (Liu et al. 2018; Reid et al. 2019). By contrast,
E. coli that carry pUTI89-like plasmids appear to be mostly restricted to
human hosts via dominant STs such as ST95 and ST131 clades A and B
(Cummins et al. 2022; Stephens et al. 2017; Li et al. 2021). The presence
and/or role of F plasmids and their respective subtypes in ST127 how-
ever, is yet to be elucidated.

Snapshot whole genome sequencing (WGS) studies of E. coli isolated
from domestic animals with urinary tract disease identified ST127 (O6:
H31) from Australian cats (Kidsley et al. 2020b) and dogs (Kidsley et al.
2020a), however a larger study of ST127 that includes isolates from
diverse hosts and sources is lacking. ST127 E. coli featured prominently
(22/399; 5.51%) in a large WGS study of 377 Australian E. coli isolates
from dogs with urinary tract disease (our unpublished data). Here we
performed a phylogenomic analysis of a global collection of 299 E. coli
ST127 isolated from different hosts and geographical regions to char-
acterize population structure, source-lineage linkages and distinguish-
ing genomic features of this important pathogenic lineage.

2. Materials and methods
2.1. Isolates used in this study

The total collection under analysis comprised 299 genome sequences
of ST127 E. coli. Twenty-two originated from a collection of E. coli iso-
lated from diseased canine hosts, seven from collections we previously
published and the remaining 270 from Enterobase.

The 22 genome sequences described for the first time here were from
a collection of 377 E. coli isolated from dogs presenting with various
extraintestinal pathologies, obtained from the Melbourne Veterinary
School, University of Melbourne, Australia. The isolates were sequenced
at the University of Technology sequencing facility as described below.
These isolates carry a “MVC” (meaning “Melbourne Veterinary Collec-
tion”) prefix followed by a 1 to 3-digit numeral specifying individual
isolates from the collection. Seven further sequences originated from
human extraintestinal infections previously published by our group and
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can be accessed via accessions in Table S1.

270 sequences were obtained from Enterobase (http://enterobase.
warwick.ac.uk) accessed on 30th April, 2020 (Zhou et al. 2020).
Initially the database was queried for E. coli belonging to ST127 and the
corresponding accession numbers and relevant metadata were down-
loaded. These data were filtered to exclude isolates without sound
accession numbers, source details, year of isolation, country, and
continent of origin. This final list of filtered samples was used to query
the National Center for Biotechnology Information (NCBI) and European
Bioinformatics Institute (EBI) sequence read databases. Short read sets
for all isolates were downloaded with parallel-fastq-dump (https://gith
ub.com/rvalieris/parallel-fastq-dump). These 270 genome sequences
were named using their NCBI or EBI accession numbers (Table S1).

2.2. Genomic DNA isolation, whole genome sequencing and assembly

E. coli ST127 isolates from the Melbourne Veterinary Collection were
freshly cultured onto LB agar plates and a single colony used to inoculate
5 ml of sterile LB medium. Following overnight culture, total cellular
DNA was extracted using the ISOLATE II Genomic DNA (Bioline) kit
following the manufacturer’s standard protocol for bacterial cells and
stored by refrigerating at 4 °C. Library preparation was done by the
iThree Core Sequencing Facility, University of Technology Sydney,
following the adapted Nextera Flex library preparation kit process,
Hackflex (Gaio et al. 2019). Briefly, genomic DNA was quantitatively
assessed using the Quant-iT picogreen dsDNA assay kit (Invitrogen,
USA). Each sample was normalised to a concentration of 1 ng/ul. A10 ng
sample of DNA was used for library preparation. After tagmentation,
DNA was amplified using the facility’s custom designed i7 and i5
barcodes, with 12 cycles of PCR. Due to the number of samples, the
quality control for the samples was done by sequencing a pool of samples
using the MiSeq V2 nano kit — 300 cycles. Briefly, after library ampli-
fication, 3 pl of each library was pooled into a library pool. The pool was
then cleaned up using SPRIselect beads (Beckman Coulter, USA)
following the Hackflex protocol. The pool was sequenced using the
MiSeq V2 nano kit (Illumina, USA). Based on the sequencing data
generated, the read count for each sample was used to identify the failed
libraries (i.e. libraries with less than 100 reads), and normalised to
ensure equal representation in the final pool. The final pool was
sequenced on one lane of an [llumina Novaseq S4 flow cell, 2 x 150 bp at
Novogene (Singapore). The quality of reads generated were confirmed
with fastp (0.20.1).

2.3. Genome assembly and gene screening

A modular analysis pipeline known as pipelord2, implemented with
the Snakemake workflow management system was used to perform
primary bioinformatic analysis (Koster and Rahmann 2012). This
pipeline is freely available to download from https://github.com/maxl
cummins/pipelord2 0. Default settings are used unless otherwise
stated. Firstly, Kraken2 was applied to the sequence reads to confirm all
genomes were E. coli. Draft genomes were then assembled with Shovill
1.0.4 (https://github.com/tseemann/shovill), with default settings and
assembly-stats run to confirm the quality of the assemblies (https://gith
ub.com/sanger-pathogens/assembly-stats). Assemblies with >800 con-
tigs or total length <4.5Mbp or >6.5Mbp were excluded. MLST 2.19.0
(https://github.com/tseemann/mlst) was used to confirm all genomes
belonged to ST127 (Jolley and Maiden 2010). ABRicate 1.0.1 (https://
github.com/tseemann/abricate) was used to screen draft genomes for
genes from several publicly available and custom in-house databases.
Public databases used were CARD, VFDB, PlasmidFinder, Serotype-
Finder and ISFinder (Siguier et al. 2006; Carattoli et al. 2014; Chen et al.
20165 Ingle et al. 2016; Jia et al. 2017). The custom database included
the set of genes used to infer ColV plasmid carriage (see below) and
additional virulence genes. This is available at https://github.com/max
lcummins/custom_DBs. ABRicate was also used to align assemblies to
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the reference pUTI89 plasmid from the E. coli strain UTI89, sourced
from GenBank (gb | NC_007941). pMLST was performed with the pMLST
tool available at https://bitbucket.org/genomicepidemiology/cge-tools
-docker/src/master/ (Carattoli and Hasman 2020). AMR-associated
SNPs were identified with PointFinder (Zankari et al. 2017). Finally,
gene screening results are summarized by abricateR (https://github.
com/maxlcummins/abricateR) with a gene being considered present
at 95% length and 90% nucleotide identity.

2.4. Criteria for inference of plasmid presence

The presence of a ColV type plasmid was inferred using criteria
previously described by Liu et al, 2018 (Liu et al. 2018). The presence of
a pUTI89-like plasmid was inferred if a given assembly mapped to >90%
of the pUTI89 sequence at >90% identity or if the isolate was deter-
mined by pMLST to carry the F29:A-:B10 RST combination, which is
characteristic of pUTI89-like plasmids.

2.5. Phylogenetic and SNP distance analyses

The assembled E. coli ST127 genomes and the genome of outgroup
strain MVC107 (ST372) were annotated using prokka 1.14.6 (Seemann
2014). The core and pangenome was then determined with Roary 3.13.0
with default settings and paralog splitting on (Page et al. 2015). The
resulting core gene alignment of 3,266,764 bp was then used as the basis
for subsequent analyses. IQTree 2.0.3 was used to infer a
maximum-likelihood phylogenetic tree using the GTR+F+R substitution
model and 1000 bootstrap replicates (Nguyen et al. 2015). FigTree 1.4.4
(https://github.com/rambaut/figtree) was used to root the tree on the
outgroup sequence, and subsequently remove it for tree visualization.
snp-sites 2.5.1 was run on the core gene alignment to identify core
variable SNP sites, resulting in a core SNP alignment of 30,896 bp (Page
et al. 2016). Pairwise SNPs were extracted from the core SNP alignment
with snp-dists 0.6.3 (https://github.com/tseemann/snp-dists). Fastbaps
was used with a ‘baps’ prior to define clusters of isolates based on the
core gene alignment and maximum-likelihood tree (Tonkin-Hill et al.
2019).

2.6. Genome wide association studies (GWAS)

Scoary 1.6.16 was used to determine associations between fastbaps
cluster membership and genes in the ST127 pangenome (Brynildsrud
etal. 2016). A Benjamini-Hochberg-adjusted p-value cutoff of 1E-30 was
used to determine significant associations. Biological process terms
associated with the identified genes were derived from UniProt entries
for each gene.

2.7. Data analysis and visualization

A custom R script was written in RStudio 1.4.1106 with R 4.0.5 to
perform secondary analysis on the data generated by pipelord2 and via
the phylogenetic methods, and to generate publication figures. The
sequence of plasmid pUTI89 was visualised with SnapGene® Viewer
(Version 5.0.7, GSL Biotech LLC). Microsoft PowerPoint was used to
compile elements of Figs. 2; Figure 4 and Figure 5. The data analysis and
visualization script is available at https://github.com/CJREID/ST127
and can be used to reproduce all secondary analysis. R package ver-
sions used therein are available within the README.md document in the
code repository.

2.8. Genomic data deposition

Melbourne Veterinary Collection (MVC) genomes were deposited in
GenBank and the Sequence Read Archive under the BioProject
PRJNA678027. Orange Base Hospital (HOS) genomes were deposited in
GenBank under the BioProject PRIJNA623470. Sydney Adventist
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Hospital genomes were deposited in GenBank under the BioProject
PRJNA732725. Individual accession numbers can be found in Table S1.

3. Results
3.1. The study collection

The study collection consisted of 299 individual ST127 E. coli isolates
of diverse epidemiological origins. The isolates were sourced from
humans, companion animals, livestock, wild animals, aquatic organ-
isms, abiotic environments, and food. Five continents and 18 countries
were represented, with a temporal distribution of 1977-2019 (Fig. 1 and
Table S1). Human and companion animals were dominant sources (164/
299, 54.8% and 85/299, 28.43% respectively), though companion ani-
mal isolates only originated from Australia, Canada and United States,
whilst human isolates originated from 17/18 countries represented
(Table S1).

3.2. Phylogenetic relationships between the ST127 isolates

The core and pangenome sizes of the study collection were deter-
mined by Roary with the 299 E. coli ST127 prokka-annotated draft ge-
nomes and outgroup strain MVC107 (ST372). The full pan-genome
consisted of 20,349 genes. The core genome (present in > 99% of ge-
nomes) consisted of 3467 genes, leaving 16,882 genes within the
accessory genome. Note that while the ST372 outgroup strain will
slightly increase the size of the accessory genome, it will not affect the
estimation of the core due to the 99% gene presence threshold used to
define the core.

A maximum likelihood phylogeny was inferred with IQTree from a
multiple alignment of the core genes identified by Roary rooted on E. coli
ST372 strain MVC107 as an outgroup (Fig. 2; MVC107 tip removed).
The phylogeny was divided into 13 clusters by fastbaps analysis desig-
nated BAP1-13. The largest cluster was BAP4, which contained more
than half of all sequences (163/299, 54.51%) and was followed by BAP7
(34, 11.37%), BAP6 (28, 9.36%), BAP10 (24, 8.03%), BAP3 (14, 4.68%)
and BAP1 (12, 4.01%) (Fig. 3a). The remaining clusters contained less
than 10 sequences each. BAP4 contained more than half of human and
companion animal sourced sequences (101/164, 61.60% and 46/85,
54.12%, respectively), though human and companion animal sequences
were also present together in seven other clusters (Fig. 3a). Five conti-
nents and 14 countries were represented within BAP4 (Table S1).
pUTI89-like plasmids were identified in BAP4, BAP6, BAP7 and BAP8 in
variable proportions and were also present in all sources except aquatic
(Fig. 3b-c; see 3.4.3. Plasmids below).

3.3. SNP distances between the ST127 isolates

To identify cases of closely related isolates from epidemiologically
unrelated sources, we calculated pairwise SNP distances between all
isolates and filtered pairs differing by <30 SNPs. This analysis identified
57 unique isolate pairs, 26 of which were between companion animal
and human isolates (Fig. 4). Sixteen companion animal:wild animal
pairs and seven human:wild animal pairs were also identified. Most
pairs occurred within the dominant BAP4 cluster (39/57). Australian
companion animal isolates were linked with isolates from the United
Kingdom, United States, Canada, Denmark, Sri Lanka and Oman.

3.4. Genetic features of ST127

We used ABRicate to screen ST127 genomes for antimicrobial
resistance genes (ARGs), virulence-associated genes (VAGs), plasmid
replicons and insertion sequences. These results were summarised as
heatmaps mapped to the core gene phylogeny (Figs. S1-3, Table S1)
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Fig. 1. Source and geographic distribution of ST127 isolates; a) Count of sequences per source and b) count of sequences by continent, stratified by source.
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Fig. 2. Core gene based maximum-likelihood phylogenetic tree for the 299 E. coli ST127 isolates from the study collection. Coloured rings from inner to outermost
display cluster defined by fastbaps, isolate source, continent of origin and inferred presence of pUTI89-like plasmids.

3.4.1. Antimicrobial resistance genes (ARGs)

A total of 58 distinct antimicrobial resistance genes (ARGs) were
identified with no obvious linkage between any genes and defined
clusters in the phylogeny. The number of resistance genes identified per
isolate ranged from O to 11, with an average of 1.33 and median of 0.
Only seven genes were carried at rates of greater than 5%; these
included blargm.18 (64/299, 21.40%), tet(B) (47/299, 15.72%), sull (36/
299, 11.71%), sul2 (28/299, 9.36%), aph(3'’)-Ib/strA (25/299, 8.36%),
aph-(6)-Id/strB (24/299, 8.03%) and catA1 (20, 6.69%). CTX-M type

ESBL genes were rare yet diverse and included blactx_m3 (7/299;
2.34%), blactx—m-14 (4/299, 1.34%), blacrx—m-15 (5/299, 1.67%) and
blaCTX_M_55 (1/299, 0.33%). In addition, blaCARB_2 (2/299, 0.670/0),
blaOXA_1 (3/299, 10/0), blaOXA_48 (2/299, 0.67%) and blaz (PCl Variant, 2/
299, 0.67%) were identified, albeit rarely. The class 1 integron integrase
gene intl1 was present in 34 isolates (11.71%) and was found on the
same scaffold as ARGs in all cases (Table S2). Eight dfrA trimethoprim
resistance gene variants were present on 17 intll positive (intl1+)
scaffolds, whilst sulfonamide resistance gene sull, a typical component
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Fig. 4. Heatmap showing pairwise SNP distances <30 SNPs for human and companion animal isolates. Metadata for cluster, country and source is displayed as row
and column annotations.

of the classical class 1 integron structure was present on 26 intl1+ per isolate ranged from 55 to 113, with an average of 94.06 and median
scaffolds. Reflective of this co-localization data, isolates that were intI1+ 95. It should be noted that some of these genes are nearly ubiquitous in
carried a significantly higher average number of ARGs than intl1- iso- E. coli and their specific alleles, which were not characterised here, may
lates. Overall, our results indicate that a small subset of ST127 have be more relevant to actual virulence expression than simple gene pres-
acquired a variety of ARGs and integron cassette arrays, however these ence or absence. Highly conserved virulence-associated gene loci (pre-
are not characteristic of its general evolution or the evolution of its sub- sent in >95% of isolates) included enterobactin (ent), ferrienterobactin
lineages. (fep), heme transport locus (chu), yersiniabactin (ybt, fyu4, irp2), K1
capsule (kps) and P fimbriae (pap). Other notable genes and loci included

3.4.2. Virulence associated genes (VAGs) bacteriocin-like genotoxin usp (299/299, 100%), outer membrane pro-
Virulence-associated gene profiles were extensive and relatively tease ompT (297/299, 99.33%), iss conferring increased serum survival

conserved across the phylogeny. We identified 163 genes from VFDB, (288/299, 96.32%), serine protease vat (281/299, 93.98%) and sal-
and 61 of these were present in >99% of isolates. The number of VAGs mochelin (iroN; 217/299, 72.58%). Interestingly, most genes of the sfa
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operon encoding S fimbriae were present in more than 200 isolates,
however major subunit sfaA was only present in 3 isolates. This viru-
lence data underscores the virulence threat posed by ExPEC ST127 and
is typical of a member of E. coli phylogroup B2.

3.4.3. Plasmids

Screening with the PlasmidFinder database indicated that FII and FIB
replicon types were frequently observed in the collection. We therefore
performed F plasmid replicon sequence typing (RST) to clarify these
results with higher resolution. This analysis revealed 28 unique F RSTs
in the collection with all but one present in less than 5% of isolates. The
top three RSTs were F29:A-:B10 (103/299, 34.45%), F51:A-:B10 (14/
299, 4.68%), and F2:A-:B- (9/299, 3.01%). The F29:A-:B10 RST is
indicative of carriage of a pUTI89-like plasmid, which are abundant in
various major lineages of uropathogenic E. coli. To complement this data
we aligned ST127 sequences to the reference sequence of pUTI89 (gb |
NC_007941) and considered a pUTI89-like plasmid to be present if an
isolate carried the F29:A-:B10 allele combination and/or the sequence
displayed a minimum nucleotide sequence identity of 90% over a min-
imum 90% of the reference sequence (Fig. 5). This analysis indicated
that 104/299 (34.78%) isolates carried a pUTI89-like plasmid; 97 of
which were F29:A-:B10, and seven others that were F2:A-:B10 (three),
F29:A-:B- and F29:A8:B10 (two each). Six F29:A-:B10 isolates did not
meet the 90% coverage threshold, displaying coverage ranging from
78-87%, however we have opted to consider these as pUTI89-like car-
riers in our analysis to allow for deletions in otherwise closely-related
plasmids. The final pUTI89-like plasmid carriage was therefore consid-
ered to be 110/299 (36.79%).

Other replicons identified by PlasmidFinder included those indica-
tive of small Col-type plasmids; Col156 (152/299, 50.84%), Col-MG828
(33/299, 11.04%), Col-BS512 (11/299, 3.68%), and ColpVC (9/299,
3.01%). Other replicons included IncB/O/K/Z (22/299, 7.36%), IncI1
(12/299, 4.01%), IncY (8/299, 2.68%), IncI2 (6/299, 2.01%). All other
replicons were present in less than 2% of isolates.

3.5. Associations between genetic features

It has been previously noted that E. coli that carry pUTI89-like
plasmids are negatively associated with carriage of ARGs, whilst those
that carry intl1 are positively associated with carriage of ARGs. To test
this in ST127, we compared the mean of total ARGs per isolate by
pUTI8Y and intl1 status (Fig. 6). As expected, pUTI89+ isolates carried
significantly less ARGs than pUTI89- isolates (mean 0.97 vs 1.51; Wil-
coxon test; p=0.035), whilst intl1+ isolates carried significantly more
ARGs than intl1- counterparts (mean = 4.72 vs 0.89; Wilcoxon test;
p<2.2e-16). Despite the former result, 15 pUTI89+ strains carried
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between three and ten ARGs.

3.6. Genes associated with the dominant cluster of ST127

To examine genomic features associated with different evolutionary
clusters of ST127, we carried out a GWAS analysis with Scoary using the
BAP clusters as categorical traits. We utilized an adjusted p-value
threshold of 1E-30, to identify only the most highly cluster-associated
genes. Fifteen genes in total were identified and fourteen of these
were associated with the largest cluster BAP4 (Table 1). Genes identified
therein primarily encode proteins involved in cell surface functions
(lipid A biosynthesis, flagellar biosynthesis, and K capsule) and carbo-
hydrate metabolism (glyoxylate cycle, tricarboxylic acid cycle). Most
genes identified here were present in a high proportion of ST127 strains
and this analysis indicates that specific alleles of these genes are asso-
ciated with BAP4 ST127.

4. Discussion

This phylogenomic study of E. coli ST127 globally has illuminated
some key genomic characteristics of this important pathogenic lineage
and provided avenues for further investigation.

Firstly, the dominance of geographically diverse human and com-
panion animal isolates originating from cases of extraintestinal disease
across the breadth of the phylogeny confirms that ST127 is an important
pathogen regardless of sub-lineage (Gibreel et al. 2012; Fibke et al.
2019). At a sub-lineage level, the incidence of both geographically
proximal and distal human and companion animal isolates that differ by
less than 30 core SNPs strongly suggests repetitive large-scale trans-
mission of ST127 between these hosts on a global scale. This is reflective
of previous reports that document host sharing, persistence and multiple
transmission events of EXPEC between companion animals and humans
(Johnson et al. 2000; Johnson et al. 2008a; Johnson et al. 2008b;
Bourne et al. 2019). Recent studies highlighting the frequency of isola-
tion of E. coli ST127 from companion animals and from humans with
extraintestinal infections, including bacteraemia (Gibreel et al. 2012;
Horner et al. 2014; Riley 2014; LeCuyer et al. 2018; Flament-Simon
et al. 2020; Kidsley et al. 2020a; Kidsley et al. 2020b), also support this
contention and suggest E. coli ST127 is adept at colonizing and infecting
both humans and companion animals. Only four isolates originated in
livestock, suggesting food production is unlikely to have a major influ-
ence on the evolution and dissemination of ST127 as is thought to be the
case for other prominent STs (Reid et al. 2019; Reid et al. 2020). By
contrast, wild animal origin sequences did feature with some close ge-
netic linkages to human and companion animal isolates, though their
relevance is yet to be fully appreciated (Smalla et al. 2018; Nesporova
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Fig. 5. Binned BLAST alignment of ST127 sequences to virulence plasmid pUTI89 aligned to phylogeny.
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Fig. 6. Wilcoxon test comparison of mean ARG carriage by a) pUTI89 carriage and b) intl1 carriage.

Table 1
Genes over-represented in the BAP4 cluster (n=163) of ST127. *Benjamini-
Hochberg adjusted p-value for multiple comparison.

Gene Annotation Biological Process ~ BAP4 p-
(n=163) value*
IpxD UDP-3-0-(3- Lipid A 161 5.61E-
hydroxymyristoyl) biosynthesis 81
glucosamine N-
acyltransferase
flhB Flagellar biosynthetic Flagellar 160 1.63E-
protein FIhB biosynthesis 75
cheZ Protein phosphatase Flagellum- 160 1.74E-
CheZ dependent 72
swarming
motility
galE UDP-glucose 4- Carbohydrate 150 2.65E-
epimerase metabolism 65
kpsT Polysialic acid Polysialic acid 162 2.16E-
transport ATP-binding transmembrane 61
protein KpsT transport
kpsM Polysialic acid Polysialic acid 162 2.16E-
transport protein KpsM  transmembrane 61
transport
glcA Glycolate permease Glycolate 158 1.12E-
GlcA transmembrane 60
transport
glcB Malate synthase G Glyoxylate 160 2.71E-
catabolic process 60
group_5248  ISL3 family Transposase 153 1.28E-
transposase ISEc53 52
ybhl Inner membrane Transmembrane 125 5.22E-
protein YbhI transport 41
dctD_1 C4-dicarboxylate Transcription 125 8.96E-
transport regulation 40
transcriptional
regulatory protein
DctD
sucB Dihydrolipoyllysine- Tricarboxylic acid 126 5.12E-
residue cycle 38
succinyltransferase
component of 2-0xo-
glutarate
dehydrogenase
complex
dctD 2 C4-dicarboxylate Transcription 134 2.56E-
transport regulation 33
transcriptional
regulatory protein
DctD
sucC Succinate—CoA ligase Tricarboxylic acid 125 4.17E-
[ADP-forming] subunit  cycle 33

beta

et al. 2020; Wyrsch et al. 2020). Our observation that nearly all isolates
in the collection were serotype O6:H31 and the fact that most of the
E. coli isolates listed in Enterobase that have an 06:H31 serotype belong
to ST127 indicates that a sizeable proportion of O6:H31 isolates

historically identified in humans, dogs, cats and marine mammals were
likely ST127 (Maluta et al. 2012; Melendez et al. 2019; Kidsley et al.
2020a; Kidsley et al. 2020b). Further, a previous study also found high
similarity of virulence and PFGE profiles between E. coli ST127 isolates
belonging to serotype O6:H31 from humans and dogs, indicating that
ST127 successfully transfers between these species (Johnson et al.
2008).

Identification of a large cluster in the phylogeny (designated BAP4),
which encompassed over half the collection is evidence for a globally
dominant sub-lineage of ST127 that is worthy of further investigation.
Sub-population structure among pandemic lineages of ExPEC is not
without precedent; the example of ST131 being pertinent (Petty et al.
2014; Li et al. 2021; Bonnet et al. 2021). Understanding the factors
responsible for emergence of successful STs and expansion of dominant
sub-lineages within such STs is critical to understanding the evolution of
commensal and pathogenic E. coli alike. To identify accessory genes
over-represented in the dominant BAP4 cluster of ST127, we performed
a GWAS-style analysis with Scoary. This analysis identified 14
over-represented genes, most of which encode proteins involved in two
major biological processes; cell surface functions and carbohydrate
metabolism. Among the cell surface functions, we identified gene alleles
involved in Lipid A (IpxD) and K1 capsule biosynthesis (kpsT, kpsM),
both of which have well known functions in E. coli virulence via immune
evasion (Sarkar et al. 2014). Additionally, two genes involved in
expression of flagellum (flhB, cheZ), a key motility factor were also
identified (Liithje and Brauner 2014). Regarding carbohydrate meta-
bolism, genes involved in the glyoxylate (glcA, glcB) and tricarboxylic
acid (TCA) cycles (sucB, sucC) featured. The glyoxylate cycle allows
gluconeogenesis when only C, carbon compounds, such as ethanol and
acetate, are available — bypassing decarboxylation steps of the TCA to
produce malate and succinate (Kornberg 1966). Interestingly, sucB and
sucC are involved in the TCA steps that are bypassed by the glyoxylate
pathway. The over-representation of specific glc and suc gene alleles in
the BAP4 may therefore be interrelated via repetitive exposure of the
lineage to a limited variety of carbon sources. Broadly, these results
suggest alterations to key virulence and metabolic traits that may pro-
vide BAP4 ST127 with an advantage over other sub-lineages of ST127
and explain its prominence.

Consistent with earlier reports of ST127, our cohort of ST127 ge-
nomes showed limited carriage of ARGs (Croxall et al. 2011; Banerjee
etal. 2013; Hertz et al. 2016; Yamaji et al. 2018). However, this was not
the case for ST127 that carried the intI1 integrase gene. intl1+ isolates
carried an average of 4.62 ARGs compared to 0.89 for intl1- isolates. This
is consistent with the ability of class 1 integrons to capture and express
multiple resistance genes and reside within large mosaic resistance re-
gions (Reid et al. 2015); phenomena further supported by the
co-occurrence of ARGs on assembly scaffolds that contained the intl1
gene. Overall, this demonstrates that despite the low carriage of ARGs by
ST127 in general, resistant strains might emerge via integron acquisi-
tion. Further work to determine transposons and plasmids responsible
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for the carriage of integrons within ST127 would be beneficial as the
evolution of AMR within a highly pathogenic lineage of E. coli is
concerning.

In contrast to the ARG profiles, VAG profiles in our cohort was
extensive and relatively conserved across the phylogeny. Several studies
have found that ST127 carries a high virulence gene load and that in-
fections caused by ST127 are often associated with more severe disease
(Croxall et al. 2011; Gibreel et al. 2012; Beyrouthy et al. 2013; Alghoribi
et al. 2014; Salipante et al. 2015). It is notable that, in a Galleria mel-
lonella model of infection, E. coli ST127 is more virulent than other
pandemic ExPEC lineages, including ST131, ST95, ST69 and ST73.
Perhaps, with the exception of E. coli ST131, most of the dominant E. coli
ExPEC lineages have risen to prominence without the necessity to ac-
quire a large arsenal of antibiotic resistance genes (Kallonen et al. 2017;
Yamaji et al. 2018; Hastak et al. 2020). A combination of factors,
including carriage of extensive VAGs and intrinsic biological fitness
(Yamaji et al. 2018), is likely to play a significant role in their global
success. In this regard, E. coli ST127 is similar to E. coli ST73 and ST95,
as they are well established extraintestinal pathogens with limited car-
riage of ARGs (Kallonen et al. 2017; Stephens et al. 2017; Bogema et al.,
2020).

The role of F type plasmids in the evolution of AMR, virulence and
fitness in EXPEC is increasingly apparent (Johnson 2021). Major F
plasmid types involved in virulence include ColV plasmids and
Colla/pUTI89-like plasmids. Only a single isolate met the criteria for
ColV carriage, though it curiously lacked an F replicon. By contrast,
pUTI89-like plasmids were identified in over one third (110/299) of
isolates, nested within four of the major evolutionary clusters. It is
notable that one of the earliest pUTI89-like plasmids found to be asso-
ciated with cystitis originated in an O6:H31 strain (DebRoy et al. 2010).
Epidemiological data suggests that ColV and pUTI89-like plasmid types
have different host distributions, in terms of both E. coli STs and
eukaryotic host. ColV plasmids have a broad host range including
humans, with major reservoirs in food animals, particularly poultry in
association with ST117 and ST131-H22, whereas pUTI89-like plasmids
appear to be mostly associated with humans via ST95 and ST131 clades
A and B (Cusumano et al. 2010; Stephens et al. 2017; McKinnon et al.
2018; Moran and Hall 2018; Cummins et al. 2019; Li et al. 2021;
Cummins et al. 2022). Our data supports the human association of
pUTI89-like plasmids within ST127 and extends this range to compan-
ion animals. The absence of ColV plasmids is also consistent with very
few livestock origin isolates present in the collection. Furthermore,
whilst ColV plasmids encode numerous genes with purported roles in
both fitness and pathogenicity, curing of pUTI89 was demonstrated to
have no effect on fitness factors such as growth, type 1 pilus expression
or biofilm formation but resulted in a significant reduction in pathoge-
nicity within a mouse model of UTI (Cusumano et al. 2010). This sup-
ports the role of pUTI89-like plasmids in enhancing virulence in a
proportion of ST127 isolates, particularly the dominant BAP4 cluster but
does not support a plasmid-mediated fitness advantage in
non-pathogenic sites. The association of pUTI89 with low carriage of
ARGs in our collection has been previously noted and it was hypoth-
esised that pUTI89-like plasmids may exert some form of exclusion on
other mobile genetic elements (Stephens et al. 2017). However, ST127
isolates with pUTI89, class 1 integrons and multiple ARGs in our
collection indicates any such mechanism is by no means absolute.

Although the epidemiological background of our collection was
reasonably diverse, our study is limited by its comparatively small
sample size (n=299) and the relatively limited availability of sequenced
E. coli genomes prior to the 1990s. Additionally, E. coli genomes origi-
nating from some source niches and geographic locations were consid-
erably under-represented in the publicly available databases, from
which a large portion of the sequences used in this study were sourced.
Nonetheless, the dominance of human and companion animal sequences
reflects reports of ST127 in the available literature. Furthermore, the
clear population structure, global distribution of isolates, diversity of
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AMR genotypes and characteristic features of the large BAP4 cluster
tend to suggest we have observed most of the genetic diversity that could
conceivably have been examined at this time.

In conclusion, this study supports previous work that indicates E. coli
ST127 is a globally disseminated extraintestinal pathogen of humans
and companion animals characterised by high VAG carriage and a lower
prevalence of ARGs. In addition to previous literature, we have identi-
fied a major cluster of ST127 with a) numerous close linkages between
human and companion animal isolates, b) carriage of pUTI89-like
virulence plasmids and c) a repertoire of gene alleles that might pro-
vide clues to selective factors involved in its emergence. Future studies
on ST127 could seek to elucidate the role and significance of pUTI89-
like plasmids and genes associated with the dominant BAP4 cluster.
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