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Abstract

Escherichia coli sequence type 131 (ST131) is a pandemic clone that is evolving rapidly with increasing levels of antimicrobial resistance.
Here, we investigated an outbreak of E. coli ST131 producing extended spectrum S-lactamases (ESBLs) in a long-term care facility (LTCF)
in Ireland by combining data from this LTCF (n=69) with other Irish (1=35) and global (h=690) ST131 genomes to reconstruct the evolution-
ary history and understand changes in population structure and genome architecture over time. This required a combination of short- and
long-read genome sequencing, de novo assembly, read mapping, ESBL gene screening, plasmid alignment and temporal phylogenetics.
We found that Clade C was the most prevalent (686 out of 794 isolates, 86%) of the three major ST131 clades circulating worldwide (A
with fimH41, B with fimH22, C with fimH30), and was associated with the presence of different ESBL alleles, diverse plasmids and trans-
posable elements. Clade C was estimated to have emerged in ¢. 1985and subsequently acquired different ESBL gene variants (bla,,,,, ,,
vs bla,,,,,,.)- An ISEcpT-mediated transposition of the bla,,,,, .. gene further increased the diversity within Clade C. We discovered a local
clonal expansion of a rare C2 lineage (C2_8) with a chromosomal insertion of bla,,,,, at the mppA gene. This was acquired from an
IncFIA plasmid. The C2_8 lineage clonally expanded in the Irish LTCF from 2006, displacing the existing C1 strain (C1_10), highlighting the
potential for novel ESBL-producing ST131 with a distinct genetic profile to cause outbreaks strongly associated with specific healthcare
environments.

DATA SUMMARY

The study sequences are available in the European Nucleotide
Archive (https://www.ebi.ac.uk/ena) under project numbers

the USA since the early 2000s [3-7]. This has been associ-
ated with the emergence and dissemination of antibiotic-

resistant E. coli producing extended-spectrum f-lactamases

PRJEB2974. A complete list of ENA accession numbers is avail-

able in Table S1 (available in the online version of this article). (ESBL-E. coli) conferring resistance to many beta-lactam

antibiotics, including cephalosporins [6, 7]. Infections

INTRODUCTION caused by ESBL-E. coli are associated with higher morbidity

Escherichia coli is the leading cause of urinary tract infec-
tions and bloodstream infections (BSIs) [1, 2], with the
number of E. coli BSIs continuing to increase in Europe and

and mortality, longer hospital stays and higher healthcare
costs compared to infections with antibiotic-susceptible E.
coli [1, 8-10].
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The global spread of ESBL-E. coli is largely attributed to the
dissemination of E. coli strains carrying the bla_,, , . gene,
especially E. coli O25b:H4-ST131. Initial studies elucidated
the complex clonal structure of ST131 [11, 12] by allocating
isolates to subclades based on alleles of the type 1 fimbriae
adhesin fimH gene: H41 to Clade A, H22 to Clade B and
H30 to Clade C [13]. FimH allele type 30 (H30) is the most
prevalent, followed by H22 and then H41 [13]. Although
these three are the most frequent classifications [14-16],
other alleles such as fimH35, H27, H31 and H94 have been
observed in B subclades, B1-B5 [15-17]. Genomic analyses
have estimated that ST131 emerged in North America over
30 years ago, coinciding with the first use of fluoroquinolone
(FQ) in 1986 [15, 16]. Clade C has predominated since the
2000s, corresponding with the rapid dissemination of the
bla,, .. .sallele [18,19]. Clade B also contains the subclade
B0, which differs phylogenetically from the remaining B
isolates by carrying fimH27 and is considered ancestral to
Clade C [18, 20]. Clade C consists of three subclades termed
C0, C1 and C2. Clade CO has been reported as ancestral and
is composed of FQ-susceptible isolates. In contrast, clades
C1 (also known as H30R) and C2 (also known as H30Rx)
are characterized by a double mutation at the gyrA and parC
genes conferring high-level resistance to FQ [11, 15, 18].
Clade C2 is subdivided from C1 based on specific SNPs at
fimH30 as previously described and is associated with the
bla, ... gene [11].

ST131 has principally been associated with the hospital
setting, although in recent years it has also been reported
at high prevalence in the community [21-23]. There is
increasing evidence that ST131 is common in the elderly
and that long-term care facilities (LTCFs) are important
reservoirs for ESBL-producing ST131. Reported rates of
multidrug-resistant (MDR) E. coli ST131 carriage in resi-
dents of LTCFs include 55% in Ireland, 36% in the UK and
24% in the USA [24-26]. It is projected that the propor-
tion of the European Union population aged =65 years and
>80 years will increase to 29 and 11.5% by 2060, respectively
[27]. This will probably lead to a rise in the number of
people residing in LTCFs, potentially expanding the reser-
voir of ESBL-producing ST131. Infection control measures
targeting E. coli have focused primarily on hospitals, and
there is still a limited understanding of E. coli transmission
dynamics within LTCFs, and between hospitals and LTCFs
[25, 28]. To develop effective strategies for containment and
prevention of infections, it is necessary to improve our ability
to detect transmission events and to monitor the emergence
of new clones. Here, we used short- and long-read genome
sequencing to investigate an ESBL-E. coli ST131 outbreak in
an LTCF in Ireland. We describe the genetic basis of antibi-
otic resistance and the evolution of ESBL-E. coli ST131 over
a 7-year period. We focused our analyses on ST131 clade
C because of its high frequency in this LTCF, and its MDR
profile. We analysed the population structure and inferred
the evolutionary history of the LTCF isolates in the context
of a local hospital and global collections of E. coli ST131 to
further our understanding of its epidemiology.

Outcome

Extraintestinal pathogenic E. coli (ExPEC) ST131 is
adapting in the context of antibiotic exposure, resulting
in a pandemic with distinct genetic subtypes. Here, we
track the evolution of antibiotic-resistance gene vari-
ants originally discovered in an ExPEC ST131 outbreak
that was identified in an LTCF in Ireland. Analyses of 794
global ST131 genomes show that subclade C1 was asso-
ciated with the initial infection outbreak, but that a new
lineage from subclade C2 successfully displaced C1. This
genetically distinct C2 subclade with a chromosomal
insertion of a key antibiotic-resistance gene had clonally
expanded within the LTCF. We provide new insights into
the timing of genetic events driving the diversification of
C2 subclades to show that that outbreak C2 strain prob-
ably evolved elsewhere before spreading to the LTCF.
This study highlights the scope of antibiotic-resistance
gene rearrangement within ST131, reinforcing the need
to integrate genomic, epidemiological and microbiolog-
ical approaches to understand ST131 transmission.

RESULTS

ESBL gene profiles among an E. coli ST131
outbreak in Ireland

In this study, we focused on the genetic profiles of 90 E. coli
ST131 (local collection) isolated between 2005 and 2011 in
Ireland, of which 69 were from one LTCF where an outbreak
of ESBL-E. coli was first detected in 2006 [29]. The other
isolates were from other LTCFs (n=9), the referral hospital
(n=10) and the community (n=2) (Table S1). Initial screening
of the 90 isolates indicated that 64 were bla ., , .-positive,
17 were bla,,, ., -positive, one was bla . . -positive, and
four were positive for both bla .., , . and bla_. . (Table
S1). Resistance to meropenem and ertapenem was not
detected. Ribosomal sequence typing (rST) demonstrated a
high incidence of rST1850 (44/90, 49%) (Table S1), suggesting
emergence of a unique local epidemic clone.

ST131 clade C predominates in Ireland and
elsewhere

We analysed the 90 isolates from the local collection in the
context of a global collection of 704 E. coli ST131 genomes
that contained four additional isolates from the referral
hospital described in the local collection and 10 isolates from
other hospitals in Ireland. To better understand the global
population structure of E. coli ST131, we reconstructed the
phylogeny of all 794 isolates based on a core genome align-
ment containing 12518 SNPs (Fig. 1). This recapitulated the
three established ST131 clades (A, B and C) [29] and showed
that most isolates were from C (1=686, 86.4%) followed by
B (n=75, 9.4%) and A (n=33, 4.2%). The clade classification
was supported by previously described fimH allelic differ-
ences [11]: clade A was largely fimH41I (30 out of 33), clade B
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Fig. 1. Phylogenetic reconstruction of n=794 global ST131 strains. Maximum-likelihood phylogeny of n=794 global ST131 showed three
main clades, A (n1=33), B (n=70), BO (n=5) and C (n=686), with three common subclades in C: CO (n=14), C1 (n=111) and C2 (n=561). The
mid-point rooted phylogram was constructed with RAXML from the chromosome-wide SNPs arising by mutation and visualized with
iTol. Allelic profiling of fimH, gyrA-parC, the H30Rx phenotype and clade classification are represented in coloured strips around the

phylogenetic tree.

Table 1. Distribution of fimH alleles across the entire collection of
ST131 (n=794)

The collection consisted of three main clades subdivided into six
subclades: A (n=33), B (n=70), BO (n=5), CO (n=14), C1 (n=111) and C2
(n=561). The frequencies of the four most common fimH allele types
are shown: H41, H22, H27 and H30; the rest are classified as ‘other’. No
FQ-resistance mutations were detected in fimH22/27/41.

fimH allele A B B C C1 Cc2 Total
H41 30 30
H22 60 1 61
H27 4 4
H30 (non-Rx) 12 111 123
H30Rx 556 556
Other 3 10 2 1 4 20
Total 33 70 5 14 112 560 794

fimH22 (60 out of 70), subclade BO fimH27 (4 out of 5) and
clade C fimH30 (679 out of 686) (Table 1) .

FQ-resistance alleles gyrAIAB and parClaAB [16] were
present in nearly all C1 (96%) and C2 (99.7%) isolates, along
with the fimH30 allele, contrasting with their absence from
clades A, B and B0 (Table S1). This indicated that the Clade
C ancestor acquired the fimH30 allele and then differentiated
into subclades FQ-S (H30S or C0) and FQ-R (H30R or C1,
H30Rx or C2). A limited number of C1 (n=1) and C2 (n=4)
isolates had lost the FQ-R gyrAIAB-parClaAB genotype,
consistent with intermittent recombination at these and the
fimH genes [11].

Considerable diversity within Clade C was demonstrated by
the genetic clusters identified by Fastbaps (Fig. 2, Table 2): CO
(n=14, Fastbaps clusters 2-5 and 11), C1 (n=111, Fastbaps
cluster 10) and C2 (n=560, Fastbaps clusters 7-9). All 104
Irish ST131 from the National Collection (local=90, addi-
tional Irish isolates=14, see Methods) were from clade C and
there were no major differences in the rates of C0, C1 and
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Fig. 2. Maximum-likelihood phylogeny of Clade C strains from the global ST131 collection. Phylogenetic reconstruction of 686 strains
from Clade C with BO as the outgroup. This shows three common subclades in C, CO (n=14), C1 (n=111) and C2 (n=561), where the last
had three distinct subgroups: C2_7 (n=362, Fastbaps cluster 7), C2_8 (n=86, Fastbaps cluster 8) and C2_9 (n=113, Fastbaps cluster 9).

Coloured strips surrounding the phylogram represent the clade classification, Fastbaps clusters, bla

erey allelic profile, mppA state (intact

or truncated) and the country of origin of each strain. The highlighted ‘Irish LTCF' clade was in C2_8.

C2 in the national collection (1, 23 and 75%, respectively)
compared to the global isolate collection (2, 12 and 70%,
respectively).

Phylogenetic reconstruction of three genetically
distinct ST131 subclade C2 groups

Subclade C2 was structured into three Fastbaps clusters: 7
(n=362, named C2_7), 8 (n=86, C2_8) and 9 (n=113, C2_9)
(Fig. 2, Table 2). Most of the isolates in the National Collec-
tion (n=104) were represented by C2_8 (n=53, 51%), followed
by C2_7 (n=17, 16%) and C2_9 (n=8, 8%). Within the global
collection most isolates were C2_7 (n=345, 50%), with fewer
in C2_8 (n=33, 5%) and C2_9 (n=105, 15%) (Fig. 3). This
showed C2_7 was more common globally than in Ireland
(odds ratio=3.1, P<6.5x107°), and C2_8 was more widespread
in Ireland than elsewhere (odds ratio=10.6, P<2.2x107%)
(Fig. 3).

This difference was paralleled by the rST results, which
showed that rST1503 was highly predictive of C2_7 globally

(319 out of 345, 92.5%) and in Ireland (16 out of 17, 94%).
Similarly, rST1850 was highly associated with C2_8 in Ireland
(n=45, 85%), but less so for the global collection (11 out of
33, 33%; Table 2). This limited resolution suggests rMLST
(ribosomal multilocus sequence ryping) has insufficient
discrimination to accurately reflect the evolutionary history
of clonal pathogens such as ST131, and that core genome
analysis was more informative.

The entire ST131 set (n=794) was largely composed of isolates
from clade C (n=686, 86% of total) that was categorized into
five subclades by Fastbaps clustering: CO (n=14, clusters 2-5
and 11), C1 (n=111, cluster 10), C2_7 (n=362, cluster 7), C2_8
(n=86, cluster 8) and C2_9 (n=113, cluster 9). The national
(n=104) and global (n=690) ST131 collections had two main
rSTs: rST1850 associated with the Irish C2_8 LTCF set (85%),
and rST1503 that often corresponded to C2_7 (92.5%). Fast-
baps clusters 2, 3, 4 and 5 in CO represented one isolate each

- only cluster 3 was bla,,, .  -positive.
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Table 2. Distribution of ribosomal sequence types (rST) and Fastbaps clusters across clade C (n=686)

The entire ST131 set (n=794) was largely composed of isolates from clade C (n=686, 86 % of the total) that was categorized into five subclades by
Fastbaps clustering: CO (n=14, clusters 2-5 and 11), C1 (n=111, cluster 10), C2_7 (n=362, cluster 7), C2_8 (n=86, cluster 8) and C2_9 (n=113, cluster 9).
The national (n=104) and global (n=690) ST131 collections had two main ribosomal sequence types (rSTs): rST1850 associated with the Irish C2_8 LTCF
set (85 %), and rST1503 that often corresponded to C2_7 (92.5 %). Fastbaps clusters 2, 3, 4 and 5 in CO represented one isolate each — only cluster 3

was bla, ,~15-positive.
Subclade Co C1 C2_7 C2_8 C2.9 Total
Fastbaps 2-5,11 10 7 8 9
National collection rST1503 1 24 16 1 7 49
rST1850 45 45
Other rSTs 1 1 7 1 10
Total 1 25 17 53 8 104
Global collection rST1503 11 82 319 21 101 535
rST1850 11 11
Other rSTs 2 4 26 1 4 37
Total 13 86 345 33 105 582
Total 14 111 362 86 113 686

Long read sequencing uncovers chromosomal
transposition of bla_,, , genes

Five isolates from the Irish collection were selected for
long-read sequencing to more accurately determine the
location and genomic environment of the bla ., , , and
bla ., .. .s genes. Four of five samples selected were bla .
w.1s-Positive and members of Clade C2, of which three
belonged to the predominant LTCF subclade (C2_8)
and one from the predominant global clade (C2_7). The
remaining long-read sequenced isolate was from Clade C1
and was bla . . ., -positive. Each of the PacBio assemblies
were used as references for Illumina read mapping for the
collection of 794 isolates (see Methods). The three C2_8
PacBio genomes (ERR191646, ERR191657, ERR191663)
demonstrated chromosomal insertion of a 2971 bp ISEcp1-
bla_,, ., .-orf477A-Tn2 transposon unit (TU) (Fig. S1),
similar to integration sites described previously [30, 31].
This TU was transposed into the 1617bp mppA gene
(encoding murein peptide permease A), which was split
into 327 and 1290 bp segments (at NCTC13441 genome
coordinates 2522100-2523713bp). No direct repeats
flanking the bla ., , .. element were observed. The bla .,
s Was separated upstream by a 48 bp spacer sequence
from a fragmented ISEcp! upstream adjacent to IS26, and
downstream bla ., . was separated by a 46 bp spacer from
an orf477 segment, which was flanked by an incomplete Tn2
and IS26 elements at the 3" and 5’ ends (Table S2; Fig. S1),
suggesting one-ended transposition or a deletion following
transposition [30, 31]. The fourth assembly from C2_7
(ERR191697) contained a bla ., . . gene on an IncFII/
FIA plasmid with an incomplete Tn2 element and a frag-
mented ISEcpl (p_bla -orf477A-Tn2) flanked by IS26

CTX-M-15

elements (Table S2; Fig. S1). The fifth assembly was from
C1 (ERR191724) and had a bla_,, ,, ,,-positive pV130-like
IncFII plasmid (100% identity) with an intact ISEcpI at
the 5" end and an incomplete copy of IS903B at the 3’ end
(p_ISEcpI-bla -1S903B) (Table S2; Fig. S1).

CTX-M-14

Genomic context of bla_,, ,, .. in the Irish collection

highlight genetically diverse C subclades

Our findings indicated that the chromosomal bla_,, ,, ..
TU inserted into the chromosome was a potentially unique
characteristic of the Irish LTCF C2_8 isolates, in contrast to
the plasmid-associated bla_,, , . in other C2 isolates, and
plasmid-associated bla,.,, , ,,in C1 identified by the PacBio
sequencing (Fig. S1). This was tested in 54 Clade C isolates
from the Irish LTCF by resolving the exact genomic archi-
tecture of regions with the bla ., by genome assembly and
mapping reads to construct a phylogeny (Fig. S2). Assem-
blies of the 54 isolates were compared with the PacBio
references and NCTC13441 (ERR718783), and the bla ., .
ISEcp1, Tn2,1S903B and mppA copy numbers were inferred
from read mapping distributions, including verification of
reads spanning the genetic elements and TU boundaries
(Fig. $3). Of the 54, 38 were bla ., .-positive (all C2),
nine were bla . . . -positive (all C1), five had no bla_
o gene (n=3 from C2, n=2 from C1), and two had both
bla_. . .andbla_. . genes (ERR191646 and ERR191657
from C2_8) (Fig. S3). C2_8 isolates (n=29) had a chromo-
somal insertion of bla . . (Fig. S4), contrasting with
C2_7 (n=9) that typically had a fragmented ISEcp1 with a
plasmid-associated bla crxan s S€Ne like the C2_8 and C2_7
PacBio reference strains (Fig. S5). The C2_9 (n=5) isolates
had a plasmid-bound bla gene adjacent to a 496 bp

CTX-M-15
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using the ggplot2 and ggjoy packages in R v.3.5.2.

ISEcp1 fragment (p_shortISEcpI-bla ., , .-orf477A-Tn2,
Fig. S5). Like the PacBio C1 assembly above, the C1 (n=11)
isolates had a plasmid-associated ISEcp1-bla,.,, ,, ,,-1S903B
TU with three ISEcp1 copies along with a duplicated bla .,

10 gene, although two were bla . | -negative.

Examining the rest of the collection in the same way showed
that the mppA TU insertion was unique to the 41 Irish
LTCE isolates in Clade C2_8 and this mutation was not
found among any of the other 63 isolates from Ireland either
in LTCFs, the community or hospitals. This is consistent
with a pattern of clonal expansion in the LTCE. Of the 690
global isolates, 11 of the 19 with a disrupted mppA gene
were bla . . .-positive and clustered within the clonally

expanded C2_8 mppA-insertion lineage, although the

Irish LTCEF isolates with the mppA CTX-M-15 insertion
formed a distinct subclade, proving that this mutation was
a unique genetic feature of the LTCF lineage. Similar results
have previously been observed when investigating a larger
collection of 4071 globally distributed ST131 genomes
from Enterobase whereby the 11 non-Irish LTCF isolates
were the only isolates identified that had the CTX-M-15
insertion at the mppA gene [32]. Data for the source/origin
type, the place and year of collection of the 11 non-Irish
LTCF samples with CTX-M-15 in between a truncated
mppA gene are given in Table S1. The remaining eight were
independent events: six had no bla,,, , gene and one had a
bla ., .., gene. Across all 794 genomes, C2 had a high rate

of bla . .  .-positive isolates, reiterating the correlation of
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bla ., ..., with the expansion of C2, with incidences of 84 %

in C2_7 isolates (303 out of 362), 83% in C2_8 (71 out of
86) and 67% in C2_9 (76 out of 113).

Time of origin of the ST131 clones

The estimated time of the most recent common ancestor
(TMRCA) of different phylogenetic groups was investigated
with BEAST. We estimated a mutation rate of 4.14x1077 SNPs
per site per year [95% highest posterior density (HPD)
intervals 3.74-4.57x107"], equivalent to 1.858 mutations
per genome per year. A dated phylogeny (Fig. 4) of all 794
isolates estimated a TMRCA for ST131 of around 1901 (95%
HPD intervals 1842-1948). Clade C originated in 1985 (95%
HPD 1980-1989). The FQ-R C1/C2 ancestor originated in
1992 (95% HPD 1989-1994), more recently than previous
estimates of 1987 [12] and 1986 [20]. Following this event, C1

and C2 diversified in parallel around 1994 (95% HPD 1991-
1996, 95% HPD 1992-1995, respectively). C2 is composed of
divergent subclades C2_7, C2_8 and C2_9. C2_7 diversified
from the C2_8/9 lineage in 1995 (95% HPD 1993-1997).
Finally, a group of strains radiated within C2_8 and formed
a ‘displacement clade’ (Fig. S5a).

The TMRCA of the C2_8 clade was estimated at around 2003
(95% HPD 2001-2005) and all isolates in this clade contained
achromosomal bla_, . inserted between a truncated mppA
gene. The ‘displacement clade’ within the C2_8 subcluster
comprised 41 Irish LTCF isolates from the local collection
which had a unique TU insertion in the mppA. This is in
addition to 10 other Irish isolates from clinical or community
sources (n=51 in total) with a mutant mppA but showed a

different TU insertion. The 11 bla,, , .-positive isolates
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clustering with the Irish C2_8 isolates also had a disrupted
mppA gene and were from the UK (n=8) and Canada (n=3).
Together, these 62 shared a TMRCA of around 1998 (95%
HPD 1997-2001), indicating that the mppA insertion may
have occurred in the ancestral branch dating to 1996-1998
in the UK or North America (Fig. 5Sb).

This evidence highlighted a single genetic origin of the ances-
tral C2_8 lineage in the Irish LTCF (Fig. 4), although it was
rare until 2009 (Table 3), potentially presenting opportunities
for multiple introductions of C2_8. Prior to 2008, C1_10 was
most common, consistent with a pattern of replacement by
C2_8 with the mutant mppA insertion that clonally expanded.
Nine out of 12 isolates from this facility detected between 2005
and 2007 belonged to C1_10. This was the group of isolates
corresponding to the outbreak identified in 2006. Conversely,
all 57 samples isolated from 2008 to 2011 were bla_,, ,, .-
positive, and 36 of these were classified in C2_8 (four of
which were also both bla ., . . -positive), along with seven
in C2_9 and eight in C2_7. The global isolates contrasted with
the LTCF because C2_8 accounted for only 5% of isolates,
whereas C1_10and C2_7 accounted for 14 and 49% (respec-
tively), with no evidence of this clonal displacement outside
the LTCE Colonization and transmission within the LTCF
was the most likely origin for C2_8 given that all three rectal
swabs from the index patient were ESBL-negative prior to
its first detection 8 months later in 2007, and the two C2_8
samples from 2008 had no records of recent hospitalizations.

Table 3. The numbers of isolates from the LTCF in Ireland
(n=69) across the ST131 clades showed that C1_10 was most
common at the outset of the study, and that C2_8 became
more prevalent after 2008, suggesting a possible replacement
and clonal expansion of this lineage.

DISCUSSION

Here, we traced the genomic background of ESBL-E. coli
ST131 isolates collected from residents of an LTCF in Ireland
where an outbreak was recognized in 2006. The relationship
between the isolates was first identified based on indistin-
guishable PFGE patterns among 18 patients [29]. No point-
of-source was identified during the initial investigation of
the original outbreak and patients were advised accordingly
regards cleaning and hand hygiene before sample collection to
avoid contamination with other non-uropathogenic bacteria.

Since the outbreak was detected in 2006, there has been exten-
sive progress in the higher discriminatory power of genome-
sequencing compared to PFGE and other typing tools, such as
MLST [33-35]. To gain further understanding of the origins
of the outbreak and to observe changes in E. coli population
structure in LTCF residents, we performed whole genome
sequencing of all ST131 ESBL-E. coli isolates submitted from
the LTCF over seven years. We compared these to 35 other
ST131 isolated in Ireland: nine from other LTCFs, two from
the community and 24 from hospitals (including 14 from the
referral hospital and 10 from three other hospitals), in addi-
tion to 690 ST131 from global datasets.

We identified distinct genetic clusters within this set of 794
closely related isolates based on core genome phylogenetic
signals, and as in previous studies [15], we identified subclade
C2 as the most abundant ST131 group, accounting for 71% of
the entire collection. Four genetic subgroups were common
in the specific LTCF, one from subclade C1 (C1_10) and
three from C2 (C2_7, C2_8, C2_9). The resident ST131
lineage (C1_10) in the LTCF in the period 2005-2007 was
the cause of the initial outbreak investigation, but surpris-
ingly a newly introduced ST131 variant (C2_8) was much
more common by 2009, indicating displacement of bla.,,
,Positive C1 isolates and clonal expansion by a genetically
distinct bla,,,, , ~positive C2 lineage within the LTCF from
2007. This pattern of clonal displacement has not yet been
published for E. coli, but is common in other species such as
methicillin-resistant Staphylococcus aureus (MRSA) where it
can be driven by inter-hospital transfer of patients [36].

In this study, we analysed the largest global collection
of whole genome data on ST131 E. coli and estimated the
emergence of ST131 in ¢. 1901. The clonal expansion of C2
in 1994 identified here was similar to Kallonen et al. [20] and
Ben Zakour et al. [16], who reported 1990 and 1987, respec-
tively. We dated the C2_8 LTCF lineage to have emerged in
2001-2005 and we postulate that the clone originated in the
UK or North America in 1996-1998. This was consistent with
the first observation of bla . . -positive cephalosporin-
resistant E. coli isolated in 2001 in three locations in Britain
and Northern Ireland [37, 38]. However, C2_8 was generally
not as successful as C2_7, which emerged around the same
time (1995) and disseminated globally. It has been suggested
that the evolution of C2 subclades has been shaped by the
acquisition of IncFII plasmids encoding bla_.. . .. [15], which
was also observed here for C2_7. We extend this by showing
that bla . . - in C2_8 was mobilized from IncFII plasmids
by ISEcpI-mediated transposition to the chromosome at
mppA in a TU structured as ISEcpI-bla ., , .-orfd77A-Tn2.
The high copy number and fragmented pattern of ISEcpI,
which enabled a chromosomal insertion, was found for
different bla ., . alleles in E. coli and may be linked to
altered expression of the gene on the chromosome relative to
the plasmid [18, 19]. Our work shows that although ST131
is disseminated globally, evolutionary events have resulted
in the clonal expansion of new lineages, such as C2_7 glob-
ally and C2_8 locally in one LTCE. This has coincided not
only with the horizontal gene transfer of plasmids encoding
bla.., . sorbla.. . . butalsothe chromosomal insertions
such as bla ., . in C2_8 followed by vertical transmission,
and also bla_. ., 5 of the chromosomal rimL gene in one
Cl isolate (ERR191666). Clonal expansion globally or locally
implies that C2_7 and C2_8 have properties that favour their
dissemination and survival in the global or local context,
respectively. Factors that may support global dissemina-
tion include global travel and trade, including trade in food
products. Local expansion in an LTCF may be supported by
the facilities and practices in the LTCFE, and antimicrobial use
patterns in the LTCF are also likely to be relevant. Correlating

the microbial characteristics with the environmental factors
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that support expansion is a major challenge in understanding
this phenomenon. Although experimental evaluation of
fitness was not performed here, the most probable explana-
tion for the displacement was that C2_8 was biologically fit
in the context of all of the conditions operating in that LTCF
during the outbreak.

In conclusion, we have investigated an outbreak of ESBL-E.
coli ST131 in an LTCF in Ireland and observed changes in this
LTCEF that differ from the global pattern. We found that the
outbreak began with a Clade C1 strain encoding the bla ., . .
gene on a plasmid, and that this lineage was displaced by a
Clade C2 strain with a chromosomally-encoded bla . , ..
gene. Both lineages associated with the LTCF are resistant to
broad-spectrum cephalosporins, and the selective forces in
this specific niche driving lineage displacement are unclear.

This highlighted the importance of long-read sequencing to
resolve plasmids and to decipher plasmid and chromosomal
spread of ESBL genes. The ability of long-read sequencing
to identify novel plasmids and extra-chromosomal elements
such as bacteriophages that do not integrate but replicate
chromosomally should become a new standard. The sustained
use of ciprofloxacin and third-generation cephalosporins will
continue to enrich for Clade C2 lineages and mobile genetic
elements, highlighting the global need to reduce the selective
pressure from these antimicrobials. The diversity of ST131
lineages and resistance elements indicates a need for surveil-
lance strategies to identify ST131 subclones, plasmids and
transposable elements. The characterization of those specific
properties that make specific lineages successful in particular
contexts remains one of the key challenges in understanding
the dynamics of emergence and spread of new variants of
common bacterial species. Focused attention on successful
strains could help to explore these interactions and control
the epidemic of E. coli resistance.

METHODS

Irish bacterial isolate collection and short read
genome sequencing

A total of 90 E. coli ST131 isolates from Ireland were isolated
and sequenced. Among these, 69 were sampled from 63
residents during 2005-2011 from a single LTCF with an
outbreak of ESBL-producing E. coli in 2006 [29] and 21 were
clinical isolates from the referral hospital (Galway University
Hospital: n=8 hospitalized patients, n=11 residents of other
Irish LTCFs and n=2 community isolates submitted from
general practitioners).

Bacterial genomic DNA for the 90 isolates was extracted using
the QIAxtractor (Qiagen) according to the manufacturer's
instructions. Library preparation was conducted according
to the Illumina protocol, and sequencing (96-plex) was on an
Ilumina HiSeq 2000 platform (Illumina) using 100 bp paired-
end reads. On average, 5014175 (range 3489126-8166084)
raw sequence reads were generated per isolate, with a mean
insert size of 260 (range 244-280).

Complementary datasets

For context, DNA read libraries and associated metadata
were retrieved for 704 E. coli ST131 isolates, 14 of which
were BSIs from four referral hospitals in Ireland and 4/14
isolates were obtained from the referral hospital (Galway
University Hospital). The remaining global 690 were isolated
between 1967 and 2014 and included 167 (clinical=155,
environmental=7, unknown=>5) isolates obtained from global
collections [11, 12], 297 from a UK LTCF [25], and 226 were
associated with BSI in the UK [20, 25] (Table S1).

Long read sequencing, assembly and annotation

DNA was extracted using the phenol/chloroform method
[39] and sequencing was done using a PacBio RSII Instru-
ment (Pacific Biosciences) for five isolates (ERR191646,
ERR191657, ERR191663, ERR191724 and ERR191697).
Sequence reads were assembled using HGAP v3 [40] of
the SMRT analysis software v2.3.0 (https://github.com/
PacificBiosciences/SMRT-Analysis), circularized using
Circlator v1.1.3 [41] and Minimus 2 [42], and polished
using the PacBio RS_Resequencing protocol and Quiver
vl (https://github.com/PacificBiosciences/SMRT-Analysis).
This assembled the plasmids for each of the isolates used as
references for short read mapping. NCTC13441’s HDF5 files
were converted to FASTQ with 308854 reads using pbh5 tools
(smrtanalysis v2.3.0p4). These reads were screened for PacBio
adapter sequence using Cutadapt v1.9.1 and corrected using
BayesHammer from SPAdes v3.0.0 with a seed k-mer of 127,
yielding a total of 41813 reads.

Genome assembly, read mapping, AMR gene
identification and plasmid typing

De novo assembly of short read data for the 794 libraries
was performed using VelvetOptimiser v2.2.5 [43] and Velvet
v1.2 [44]. An assembly improvement step was applied to the
assembly with the best N50, whose contigs were scaffolded
using SSPACE [45] and contig gaps reduced using GapFiller
[46]. The assembly pipeline generated an average total length
of 5166846 bp (range 4697700-5460279 bp) from 97 contigs
(range 31-486) with an average contig length of 59340bp
(range 11186-1661401bp) and an N50 of 227849 bp (range
30788-763538bp) (Table S5). Assemblies were annotated
using Prokka v1.5 [47] and a genus-specific database from
RefSeq [48].

The 794 short read libraries were mapped to the NCTC13441
genome (accession ERS530440) [25], PacBio assemblies and
reference plasmids using SMALT v7.6 (http://www.sanger.ac.
uk/resources/software/smalt/). The genomic locations of the
bla ., ,, genes and nearby mobile genetic elements (MGE)s
were examined by aligning the short and long read assemblies
using BLAST to the bla .  -positive TU isoforms, including
one with a split mppA gene containing the TU (Fig. S3). The
two observed mppA isoforms were recorded as T for truncated
(separated by 327 and 1290 bp segments) or I for intact (Table
S1). SNP screening at mppA across the 794 libraries showed
limited variation: just one doubleton and four singleton SNPs.
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Antimicrobial resistance (AMR) genes in the 794 libraries
were identified by alignment with the 2158 gene homologue
subset of the Comprehensive Antibiotic Resistance Database
(CARD) v1.1.5. Plasmid incompatibility group and replicon
types were identified (Table S6) by comparing the genomes
against the PlasmidFinder database (accessed 16 March 2017)
[49] with a 95% identity threshold.

Quality control, genome assembly and read
mapping of 54 Irish read libraries

Adapter sequences in the libraries of the 54 Irish Clade C
reads were trimmed with Trimmomatic v0.36 [50] using a
Phred score threshold of 30 (Q30), a 10 bp sliding window
and a minimum read length of 50bp. On average, these had
2400763 reads initially, of which 7.8% were removed by trim-
ming. These were corrected using BayesHammer in SPAdes
v3.9. The effects of removing low-quality bases and reads was
quantified using FastQC v0.11.5 with MultiQC v1.3, which
showed that base correction removed an additional 14.3% of
reads on average, leaving a mean of 1898990 per library. This
showed that levels of base quality and potential contaminants
were consistent across the libraries.

Read libraries of the Irish 54 libraries were assembled into
contigs using SPAdes v3.9 with a k-mer of 77 [51]. This
optimal k-mer maximized the N50 value determined by
Quast v5.0 [52]. The contigs were ordered and scaffolded
based on the NCTC13441 reference chromosome, plasmid
and annotation using ProgressiveMauve [53], producing an
average scaffold N50 of 177758+12199 bp (mean+tsp) with a
mean assembly length of 5434674+153210 bp and an average
of 234 contigs per library.

A total of 59536 bases at low-complexity repeats, homopoly-
mers, sites within 1kb of chromosome edges, bases within
100bp of a contig edge, or at tandem repeats were masked
from the NCTC13441 reference chromosome using Tantan
v0.13 (www.cbrc.jp/tantan/), which was indexed using
SMALT v7.6 using a k-mer of 19 with a skip of 1, as were
all reference sequences here. The short read libraries were
mapped to reference sequences using SMALT v7.6, and the
resulting SAM files were converted to BAM format, sorted
and PCR duplicates removed using SAMtools v1.19. The
MGE, mppA and bla ., gene structures were examined
by alignment as above so that local copy number changes,
mapping breakpoints and read pileups could be screened by
mapping Illumina reads to the PacBio and contig references.
The local gene structure was visualized with R v3.5.2 and the
MARA Galileo AMR database [54, 55].

Phylogenetic analysis of 794 isolates

To construct phylogenies reflecting the genealogical rela-
tionships and evolutionary changes, SNPs were identified
using Gubbins v2.3.4. The SNPs arising by mutation were
used to create a maximum-likelihood midpoint-rooted
phylogeny using RAXML v8.0.19 [56] using a General Time
Reversible +gamma (GTR+G) substitution model with 100
bootstraps across 362009 sites. Phylogenetic trees were
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visualized with iToL (http://itol.embl.de) [57] and FigTree
v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) [58]. For
the 54 Irish Clade C collection, a phylogeny was created as
above with RAXML with 100 bootstraps, and a network was
constructed using uncorrected p-distances with Splitstree
v4.14.2 [59], and visualized with FigTree.

Inference of subclade common ancestry and
historical population size changes

To reconstruct a time-calibrated phylogeny for ST131, we
used a core genome alignment of 794 isolates that contained
8567 SNPs after the exclusion of regions representing
MGEs, recombinant tracts and sites with an uncalled
genotype across >1% of sequences. Each sequence in the
alignment was annotated with the year of isolation. The
strength of the molecular clock signal was measured by
linear regression of the root-to-tip genetic distance against
year of sampling using TempEst [58], which revealed a
correlation coefficient of R*=0.4. Bayesian inference of
phylogeny was performed with BEAST v2.4.7 [60] based
on a GTR+G nucleotide substitution model. To optimize
computing efficiency in a large dataset, model selection was
implemented on a subset of isolates (1=205) that tested two
clock rates (strict versus relaxed uncorrelated lognormal)
across three population models (constant, exponential
and Bayesian skyline). Five replicates for each of the
six models were tested. The Markov chain Monte Carlo
chain was run for 50 million generations, sampling every
1000 states. Log files from the five independent runs per
model option were assessed for convergence using Tracer
v1.5, and combined after removal of the burn-in (10% of
samples) using LogCombiner. The relaxed lognormal clock
with Bayesian skyline model was the best fit, consistent
with previous work [61], so this was used to model the
evolutionary history across all 794 isolates with 15 repli-
cates. The maximum clade credibility tree was generated
with TreeAnnotator.
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