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Summary
Background The effect of antibiotic usage on the success of multidrug-resistant (MDR) clones in a population remains
unclear. With this genomics-based molecular epidemiology study, we aimed to investigate the contribution of
antibiotic use to Escherichia coli clone success, relative to intra-strain competition for colonisation and infection.

Methods We sequenced all the available E coli bloodstream infection isolates provided by the British Society for
Antimicrobial Chemotherapy (BSAC) from 2012 to 2017 (n=718) and combined these with published data from the
UK (2001–11; n=1090) and Norway (2002–17; n=3254). Defined daily dose (DDD) data from the European Centre for
Disease Prevention and Control (retrieved on Sept 21, 2021) for major antibiotic classes (β-lactam, tetracycline,
macrolide, sulfonamide, quinolone, and non-penicillin β-lactam) were used together with sequence typing, resistance
profiling, regression analysis, and non-neutral Wright–Fisher simulation-based modelling to enable systematic
comparison of resistance levels, clone success, and antibiotic usage between the UK and Norway.

Findings Sequence type (ST)73, ST131, ST95, and ST69 accounted for 892 (49⋅3%) of 1808 isolates in the BSAC
collection. In the UK, the proportion of ST69 increased between 2001–10 and 2011–17 (p=0⋅0004), whereas the
proportions of ST73 and ST95 did not vary between periods. ST131 expanded quickly after its emergence in 2003 and
its prevalence remained consistent throughout the study period (apart from a brief decrease in 2009–10). The
extended-spectrum β-lactamase (ESBL)-carrying, globally disseminated MDR clone ST131–C2 showed overall greater
success in the UK (154 [56⋅8%] of 271 isolates in 2003–17) compared with Norway (51 [18⋅3%] of 278 isolates in
2002–17; p<0⋅0001). DDD data indicated higher total use of antimicrobials in the UK, driven mainly by the class
of non-penicillin β-lactams, which were used between 2⋅7-times and 5⋅1-times more in the UK per annum (ratio
mean 3⋅7 [SD 0⋅8]). This difference was associated with the higher success of the MDR clone ST131–C2 (pseudo-
R2 69⋅1%). A non-neutral Wright–Fisher model replicated the observed expansion of non-MDR and MDR
sequence types under higher DDD regimes.

Interpretation Our study indicates that resistance profiles of contemporaneously successful clones can vary sub-
stantially, warranting caution in the interpretation of correlations between aggregate measures of resistance and
antibiotic usage. Our study further suggests that in countries with low-to-moderate use of antibiotics, such as the
UK and Norway, the extent of non-penicillin β-lactam use modulates rather than determines the success of widely
disseminated MDR ESBL-carrying E coli clones. Detailed understanding of underlying causal drivers of success is
important for improved control of resistant pathogens.

Funding Trond Mohn Foundation, Marie Skłodowska–Curie Actions, European Research Council, Royal Society, and
Wellcome Trust.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Escherichia coli is a globally leading opportunistic pathogen
that ubiquitously colonises the gut of humans and other
mammals.1 Bloodstream infections caused by extra-
intestinal pathogenic E coli are of serious clinical concern,2

particularly due to a notable increase in both incidence
and the fraction of isolates harbouring amultidrug-resistant
(MDR) phenotype among all infections related to extra-
intestinal pathogenic E coli over the past two decades. In a
seminal study, Goossens and colleagues demonstrated a
www.thelancet.com/microbe Vol 5 February 2024
significant positive association between the outpatient use
of antibiotics and the extent of antimicrobial resistance
(AMR) among E coli infections on a Europe-wide scale.3 The
selective effect of antibiotics on gut microbes can hardly be
debated. However, the importance of antibiotic use in
relation to other factors determining the success of E coli
clones in a population of hosts remains unclear.
Several large-scale longitudinal genomic cohort studies of

E coli from bloodstream infection in Europe have sought to
establish the population frequencies of both clones and
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Research in context

Evidence before this study
Antimicrobial resistance surveillance data have established a
significant positive association between usage of antibiotics and
the population frequency of resistance in major bacterial
pathogens across different countries. However, for opportunistic
pathogens normally residing in the gut, such as Escherichia coli, the
picture remains more complicated and there has been debate
about the relative contributions of different drivers of resistance.
Different resistance mechanisms can, in general, show strikingly
different trends even within a single population and it is necessary
to consider separately the roles of de novo resistance mutations
arising under treatment and selection of lineages already carrying
resistance genes, such as extended-spectrum β-lactamases
(ESBLs), leading to clonal expansions. We searched PubMed from
database inception to Oct 9, 2022, with the search terms “coli”
AND “ST131” AND “infection” AND “bloodstream” AND “whole-
genome” AND “sequencing” AND “longitudinal”. Searches were
restricted to primary research articles published in English. This
search returned four publications, of which the relevant ones for
the current study were the Norwegian genomic surveillance study
covering 2002–17 and the UK genomic surveillance study covering
2002–11. Longitudinal E coli genome data from these studies have
shown both a stable coexistence of susceptible and resistant
lineages for many different classes of antibiotics, and clonal
expansions of less resistant lineages, indicating that factors not
related to resistance are important for the success of these bacteria.
Negative frequency-dependent selection (NFDS) of clone-specific
gene content has been suggested as a mechanism for maintaining
the stable coexistence of E coli clones. It remains unclear to what
extent the clinical use of antibiotics alters population trajectories of
clones under the NFDS hypothesis.

Added value of this study
To our knowledge, our study presents the first possibility to
directly compare the population trends of E coli between two
countries (Norway and the UK) and to explain differences as a
functionof country-wise antibiotic usage levels. This is achieved by
generating unbiased population genomic data to establish two
synchronous longitudinal E coli bloodstream infection cohorts
covering almost two decades. The data further enable separation
of stationary, transient, and expanding trends of resistance levels
in the context of antibiotic usage.

Implications of all the available evidence
Combining the NFDS hypothesis with selection pressure from
antibiotic use suggests that higher usage of specific β-lactam
antibiotics, such as cephalosporins, drives the equilibrium
population frequency upwards for successful clones with a stable
carriage of ESBLs, such as the sequence type (ST)131–C2 clade.
Fluoroquinolone use and resistance was similar between the two
countries by 2017, but the UK had a significantly higher proportion
of ciprofloxacin resistant strains, belonging to ST131–C2. The level
of inferred trimethoprim resistance was also higher in this clade in
the UK than inNorway, and both of these differences are explained
by the resistance elements common in ST131–C2. However, there
was no systematic difference in resistance between Norway and
the UK across the three other top-ranking clones of E coli, despite
smaller trimethoprim defined daily dose levels in Norway after
2005. The data thus indicate that benefits gained by bacteria from
antimicrobial resistance do not manifest themselves uniformly
across different clones or classes of antibiotics.
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AMR for the clinically relevant antibiotic classes.4–7 A con-
sensusfinding from these studies is that the samedominant
clones are found circulating over time in the populations
and that their resistance profiles are largely similar across
countries (France, Norway, and the UK). Among the dom-
inant clones, sequence type (ST)73 and ST95 are examples
of circulating E coli with less resistance, few MDR isolates,
and the near absence of extended-spectrum β-lactamase
(ESBL) genes. By contrast, the clones ST69 and ST131,
which quickly increased in frequency in the early 2000s and
have been referred to as pandemic clones, both contribute to
the burden of MDR infections. In particular, the ST131
clone is themost widely disseminatedMDR extra-intestinal
pathogenic E coli clone globally. Of note, the ST131 lineage
consists of four identifiedmajor clades—A,B,C1, andC2—
each of which has been found circulating widely. Earlier
studies have established that the C2 clade is predominantly
ESBL positive, whereas the other three clades show a
variable degree of the MDR phenotype, ranging from
zero observed prevalence in B to variable levels in C1.4,5,8

A Norwegian longitudinal study (Norwegian Surveillance
Programme on Resistant Microbes, NORM) identified
numerous independent de novo acquisitions of ESBL genes
within the A clade after 2010.4 However, it is unclear how
much these might have contributed to the overall success
of the A clade, which by then had already reached a fairly
stable population frequency in Norway. An earlier longitu-
dinal study in the UK covering the years 2001 to 2011
(British Society for Antimicrobial Chemotherapy, BSAC)
found similar expansions to the Norwegian study.5 How-
ever, a key observed difference was the reversed ranking
of population frequencies of A and C2 clades between the
two countries.4

Longitudinal E coli genome data sampled in an unbiased
manner have shown both a stable coexistence of predom-
inantly susceptible and resistant lineages formany different
classes of antibiotics, and clonal expansions of lineageswith
strikingly distinct MDR prevalence, indicating that factors
not related to resistance are also important for the success of
these bacteria. Multi-locus negative frequency-dependent
selection (NFDS) has been suggested as a mechanism for
maintaining stable population frequencies of E coli clones.9

Both the BSAC and NORM studies empirically demon-
strated a pattern of transient disruption and rapid return to
www.thelancet.com/microbe Vol 5 February 2024
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equilibrium population frequencies, which bears the hall-
marks of NFDS in general, irrespective of what the under-
lying mechanism of balancing selection was. However, it
remains unclear to what extent clinical use of antibiotics
could alter the population trajectories of clones under the
NFDS hypothesis, assuming that over a relatively short
timescale, most selective benefits would stem from an
increased competitiveness of isolates with a pre-existing
resistance phenotype.
Toanswer these openquestions,weextended theprevious

BSAC collection (2001–11) from Kallonen and colleagues5

(referred to as BSAC1 in the current study) by generating
genome sequences from bloodstream infection isolates
from the BSAC collection covering the years 2012 to 2017
(BSAC2) and comparing these to the published NORM
collection (2002–17). The two parallel unbiased collections
covering nearly two decades enabled us to perform, for the
first time, a cross-country analysis of the clonal diversity of
E coli frombloodstream infection and to investigate the roles
of both antibiotic use and balancing selection acting on the
dominant clones in these two populations. In particular, we
sought to assess how defined daily doses (DDDs) for rele-
vant major classes of antibiotics are associated with the
prevalence of clones and their AMR frequencies.
See Online for appendix 1

See Online for appendix 2
Methods
Study design
The analyses included a total of 1808 E coli isolates asso-
ciated with bacteraemia from the BSAC Bacteraemia
Resistance Surveillance Programme in the UK. We
retrieved whole-genome sequences of 1090 isolates col-
lected in 2001–11 from Kallonen and colleagues (BSAC1).5

In addition, within this study, we sequenced the genomes
of 718 isolates collected in 2012–17 (BSAC2; appendix 1 p 1,
appendix 2 pp 1–2). For comparative purposes, whole-
genome sequences of 3254 E coli bloodstream infection
isolates from the NORM study,4 collected in 2002–17, were
included in the analyses (appendix2pp1–2). Ethics approval
was not needed because the study included no human
samples nor any sensitive data. Data from the BSAC and
NORM cohort studies are de-identified.

Procedures
Isolates from BSAC2 were sequenced on the Illumina
NovaSeq6000platform(Illumina,SanDiego,CA,USA)with
384-plexing and150-bppaired-end reads (appendix 2 p 2). All
sequence data were assembled and annotated with the same
published pipeline with default parameters.10–12 Multi-locus
sequence types were retrieved using SRST2 v0.2.0, and the
collections were subsequently characterised by multi-locus
sequence type over time; changes in the proportions of the
four major sequence types (ST69, ST73, ST95, and ST131)
between2001–10and2011–17 in theUKwere estimated and
compared with the data from Norway.4 ST131 clades were
designated according to fimH types and clade-specific single
nucleotide polymorphisms,8,13,14 and the clade composition
www.thelancet.com/microbe Vol 5 February 2024
was characterised in the UK and Norway and between time
periods (2001–10 and 2011–17). Invasiveness in contrast
to carriage of the ST131 clades was evaluated by risk
ratios (RRs). AMR data were retrieved by screening
genes and point mutations from genome assemblies
using AMRFinderPlus v3.10.18 with database v2022-05-26.1
and Escherichia taxonomy group (appendix 2 p 2) and by
phenotypic antimicrobial susceptibility testing (appendix 1
pp 2–8): blaCTX-M genes were used as a proxy for ESBL pro-
duction and third-generation cephalosporin resistance,4

and dfr genes were considered as representative for
trimethoprim resistance.15 Ciprofloxacin resistance desig-
nation was based on antimicrobial susceptibility testing
using European Committee on Antimicrobial Susceptibility
Testing (EUCAST) v13 2023 breakpoints. Overall blaCTX-M
prevalence, including the different variants and by ST131
clade, was measured between time periods (2003–10 and
2011–17).
To compare antimicrobial usage in the UK and Norway

and between time periods (1997–2007 and 2008–17) within
the countries, usage data for major antibiotic classes
(β-lactam, tetracycline, macrolide, sulfonamide, quinolone,
and non-penicillin β-lactam) were retrieved from the Euro-
pean Centre for Disease Prevention and Control database
(retrieved on Sept 21, 2021; appendix 2 pp 2–3, 12–13).16

Rate of consumption is expressed in DDD per 1000 indi-
viduals, and antimicrobial classes categorised according to
the anatomical therapeutic chemical (ATC)/DDD Index.
The data included antibacterials for systemic use (ATC
group J01) in the community (primary care sector).
Multi-locusNFDShasbeen suggested as amechanismfor

maintainingstablepopulation frequencies ofE coli clonesby
balancing selection that acts onaccessory loci and constrains
their population prevalence over time through selective
disadvantage with an increasing prevalence over the equi-
librium.9 Therefore, a non-neutral Wright–Fisher NFDS
simulation-based modelling framework was employed to
assess the interplay of antibiotic use and intra-strain com-
petition in colonisation (figure 1). In this model, selection
acts on standing variation present in afinite populationwith
non-overlapping generations. Effects of de novo mutations
are excluded due to the relatively short timescale considered
in the model. Each individual strain is represented by a
stochastic number of isolates. Each strain has an AMR
phenotype profile that ismodelled separately and assigned a
distribution that determines the relative frequency of
resistance gene-carrying isolates for the strain. After initi-
alising the population with a random state drawn from a
given distribution, the population undergoes transitions
from one generation, t, to the next (t→ t+1), during which
survival (reproduction) of an isolate is determined by: the
specifiedNFDSmechanism (appendix 2 p 3); and resistance
to an antibiotic, should the isolate be subject to an antibiotic
treatment in that generation. Antibiotic treatment mim-
icking use of cephalosporins is applied to randomly chosen
isolates in the population with a constant pressure set by a
chosen DDD level. Isolates carrying the blaCTX-M locus are
e144
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Figure 1: Schematic of the non-neutral Wright–Fisher NFDS simulator model
The colours of cartoon hosts represent individual strains, and each strain has an
AMR phenotype profile, depicted by the bar above each cartoon host. t→ t + 1
marks the transition from one generation to the next, during which survival
(reproduction) of an isolate is determined by the specified NFDS mechanism and
resistance to an antibiotic, if the isolate is subject to an antibiotic treatment in
that generation. Isolates carrying the blaCTX-M locus (red box) are defined as
resistant to the treatment. Themodel is described in detail in theMethods and in
appendix 2 (p 3). NFDS=negative frequency-dependent selection.
AMR=antimicrobial resistance.
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defined as resistant to the treatment, whereas those lacking
the locus will be erased by it. In addition, a proportion of
isolates in the simulated population are replaced by migra-
tion from an external source to avoid stochastic extinction of
strains (appendix 2 p 3).
The simulation started from all lineages residing at their

assumed population-specific NFDS equilibrium, except for
ST69 and ST131, which both started from a low frequency,
with a fitness advantage that drove an expansionmimicking
that observed in the surveillancedatasets. Inaddition, a beta-
regression analysis was used to quantify the significance
and amount of variation in clone frequencies explained by
DDD variation (appendix 2 pp 3–4).

Statistical analysis
RRswith 95%CIswereapplied as ameasure of invasiveness
using the ST131 clade frequencies in carriage, as described
byMäklin and colleagues,17 and in disease, according to the
BSAC collections. To determine the significance of differ-
ences in proportions within strains and selected resistance
patterns between countries (the UK vs Norway) and time
periods (2001–10 or 2003–10 vs 2011–17), Fisher’s exact
p value was used when the expected cell count was less than
five, and otherwise the χ2 p value was reported. The differ-
ences in the mean proportions of dfr were assessed using a
two-way ANOVA for rank-transformed proportions. The
Mann-WhitneyU testwith continuity correctionwasused to
compare the total DDD values between countries and time
periods (1997–2007 vs 2008–17). Positive and negative pre-
dictive values of dfr genes as a proxy for trimethoprim
resistance were calculated using standard equations, where
positive predictive value equals probability of presence
when the test is positive andnegative predictive value equals
probability of absence when the test is negative. Statistical
analyseswereperformed inRv4.2.2or later (appendix2p4).

Role of the funding source
The funders of the study had no role in study design, data
collection, data analysis, data interpretation, orwritingof the
report.

Results
The combined BSAC collection (2001–17) included
218 known multi-locus sequence types. The four largest
sequence types, ST73, ST131, ST95, and ST69, accounted
for almost half of the total number of isolates (892 [49⋅3%] of
1808 isolates; figure 2). The proportion of ST69 increased
from 45 (4⋅5%) of 990 isolates in 2001–10 to 72 (8⋅8%) of
818 isolates in 2011–17 (p=0⋅0004), whereas ST73 and ST95
showed no significant changes within the population
between these time periods. ST131 emerged in the BSAC
collection in 2003 and then quickly expanded; it showed a
brief rapid decline and recovery around 2009–10, similar to
the data from a local study of E coli bloodstream infection in
Oxfordshire during 2008–18.7 In the BSAC collection,
ST131–C2 clade isolates accounted for 154 (56⋅8%) of the
total 271 ST131 isolates in 2003–17, and their proportion in
the collection remained stable when compared between
2001–10 and 2011–17 (p=0⋅41), as did that of clade B
(p=0⋅71; figure 3A). However, clade A increased slightly
from seven (0⋅7%) of 990 isolates to 21 (2⋅6%) of 818 isolates
(p=0⋅0027) and cladeC1 increased slightly from11 (1⋅1%)of
990 isolates to 27 (3⋅3%) of 818 isolates (p=0⋅0022), from
2001–10 to 2011–17. An opposite population frequency of
clades A and C2 was seen in Norway, where clade A was
more common and C2 less common than in the UK
(figure 3B), with ST131-C2 accounting for 51 (18⋅3%) of the
total 278 ST131 isolates in Norway in 2002–17.4 Clades B0
andC0 remain rare and included in total only three andnine
isolates, respectively, in the combined BSAC collection.
Use of antimicrobials per country and over the years

1997 to 2017 was quantified within the primary care sector
as DDDs by antimicrobial class categorised according to
the ATC/DDD index (figure 4A, B; appendix 2 pp 12–13).
The total use of antimicrobials in the UK (mean 15⋅2 DDD
per 1000 population [SD 2⋅0]) in 1997–2017 significantly
exceeded usage in Norway (mean 12⋅7 DDD per 1000
population [0⋅8]; mean difference 2⋅5 [95% CI 1⋅4–3⋅8];
p<0⋅0001; appendix 2 p 14). The largest difference was
www.thelancet.com/microbe Vol 5 February 2024
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found in the use of non-penicillin β-lactams (J01D), with
annual UKDDDs ranging between 2⋅7-times and 5⋅1-times
those of Norway (ratio mean 3⋅7 [SD 0⋅8]; UK mean
0⋅6 DDD per 1000 population [SD 0⋅3]; Norway mean
0⋅2 DDD per 1000 population [0⋅1]). Although a slightly
decreasing trendwas observed from2014 onwards, the total
use of antimicrobials in the UK still increased in 2008–17
compared with 1997–2007 (p<0⋅0001), whereas the total
DDDs inNorway exhibited a slight decrease (p=0⋅012) in the
later years. The extent of penicillin use can be excluded as a
potential driver ofhigher success ofMDR in theUKbecause
DDDvalues inNorway are slightly higher than in theUK for
this class during the first 10 years of the data.
Using known dfr genes as a proxy for trimethoprim

resistance in the NORM collection had a positive predictive
value of 90⋅3% (95%CI 88⋅1–92⋅3) and a negative predictive
value of 97⋅3% (95% CI 96⋅6–97⋅9). Fractions of resistant
isolates varied considerably over the study years but the
pattern was generally similar between the countries, with
resistance being much more common in ST69 and ST131
than in ST73 and ST95 (appendix 2 p 6). For these four top-
ranking clones, the rank-transformed proportions of dfr
positive isolates averaged over 2002–17 were found to be
significantly different between the UK and Norway only
within ST131, with the UK having a higher proportion
of dfr-positive isolates (mean difference on a rank scale of
22⋅2 [95% CI 6⋅6–37⋅8]; p=0⋅0057; appendix 2 p 7). Use of
antibiotics in this class was on average higher in the UK,
but this did not translate to significantly higher levels of
resistance in ST69, ST73, or ST95.
In the combined BSAC collection, 128 (7⋅1%) of

1808 isolates harboured a blaCTX-M gene. An increase was
observed from 53 (6⋅6%) of 809 isolates in 2003–10 to
75 (9⋅2%) of 818 isolates in 2011–17, although the change
was not significant (p=0⋅062). Altogether, we detected eight
different CTX-M variants, of whichCTX-M-15was themost
abundant (115 [89⋅8%] of 128 positive isolates). Similar to
Norway,4 in the UK, ST131 was the largest contributor to
CTX-M positive isolates (96 [75⋅0%] of 128 isolates), and
of these, most (85 [88⋅5%] of 96 isolates) belonged to
ST131–C2 (appendix 2 p 8). No CTX-M positive isolates
were found in the BSAC collection in 2001–02. ST131–C2
was also the largest contributor to ciprofloxacin resistance
(appendix 2 pp 5, 9).
The ST131 clades differ not only in resistance, but also in

their relative frequencies in carriage anddisease.Prevalence
in carriage and the invasiveness of the individual strainswill
affect the dynamics observed in disease. We used healthy
E coli colonisation frequencies from a published UK neo-
natal cohort to assess risk ratios for clone virulence in order
to compare success in disease against colonisation.17 Using
the combined BSAC collections we were able to re-estimate
RRs, a measure of invasiveness, by improving the temporal
matching of the carriage and disease collection to provide
more robust estimates of invasiveness (appendix 2 p10).
Regardless of the disease collection used, clade C2 RRs
significantly exceed 1 (BSAC 2003–17 RR 4⋅5 [95% CI
www.thelancet.com/microbe Vol 5 February 2024
2⋅3–8⋅8]; p<0⋅0001), indicating that they are found consid-
erably more often than expected in disease. Conversely,
clades A and B with estimated RRs less than 1 tend to be
found more often in carriage; the RR for clade A was sig-
nificantly below 1, whereas for clade B the change was not
significant (BSAC 2003–17 clade A RR 0⋅5 [0⋅3–0⋅9];
p=0⋅021; BSAC 2003–17 clade B RR 0⋅7 [0⋅4–1⋅4]; p=0⋅44).
Toquantify howmuchof the variation in the prevalence of

ST131–C2 is explained by variation in DDD for the class of
other β-lactams,wefitted a beta-regressionmodelwith logit-
link function andDDD,country, and the interactionofDDD
and country as explanatory variables (appendix 2 p 4). The
model explained a substantial proportion of variation in
ST131–C2 prevalence (pseudo-R2 69⋅1%).
Given that ST69 and ST131 were the two lineages

observed with rapid expansion in bloodstream infection
cases starting around the mid-2000s, we sought to quantify
the relative expansion of them under themulti-locus NFDS
hypothesis and different DDD regimes. The temporal
change in population frequencies for the four largest line-
ages (ST69, ST73, ST95, and ST131) common to the BSAC
and NORM collections is shown in appendix 2 (p 11). As
expected, increasing DDD level led to a monotonically
increasing relative frequency of ST131 under both BSAC
and NORM population models, because ESBL carriage is
common in this lineage and it confers a fitness advantage in
the model. No similar trend was observed for ST69, which
expanded to a similar population frequency in theBSACand
NORM collections. Given the lack of ESBL genes, the ST69
expansion ability was largely determined by the NFDS
component of the model.
e146
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NORM=Norwegian Surveillance Programme on Resistant Microbes. ST=sequence type.
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We sought to investigate in closer detail the frequency
changes related to ST131 under the different modelling
scenarios. The relative frequencies of ST131 cladesA,B,C1,
andC2 at differing levels ofDDD are shown infigure 5. The
findings were as expected; for example, the frequency of the
B clade decreasedwith increasingDDD level. This clade has
not been observed to carry any ESBL genes in either col-
lection and it consequently suffered an increasing fitness
disadvantage under an increasing DDD level. Because the
average empirical population frequency of C2 was around
three-times higher in the BSAC collection than in NORM,
this clade would, by definition, always tend to a higher fre-
quency in the BSAC simulation compared with the NORM
simulation. We assumed that the stable population fre-
quency of C2 in the UK and Norway was affected by both
total use of relevant antibiotics and the intrinsic factors
determining the fitness of the clade in colonisation com-
petition. Therefore, we aimed to disentangle the effects of
the NFDS and DDD selection, by letting the BSAC popu-
lation evolve towards the empirical NORM equilibrium
frequencies while being subject to the different DDD
selection levels (BSAC scenario 2 in figure 5). In this
simulation scenario, the starting population had a higher
prevalence of the ESBL gene but the equilibrium frequency
of the gene would tend to that of NORM under no or small
antibiotic selection effect, as was seen to happen with the
baseline DDD level (top row in figure 5). By contrast, under
the two highest DDD levels, the equilibrium frequency of
C2 clearly surpassed that of the A and C1 clades. This was a
marked deviation from the equilibrium observed under the
NORM scenario, where the three clades A, C1, and C2were
more uniformly distributed.

Discussion
The increasing public health burden of bloodstream infec-
tions caused by extra-intestinal pathogenic E coli warrants
particularly high-resolution epidemiological scrutiny of the
interplay of ecology and evolution in shaping the population
of pathogens causing these infections. Our study aimed to
achieve this throughuse of anunbiased selection of isolates,
longitudinal surveillance, and high-quality whole-genome
sequencing. By leveraging nationwide surveillance systems
from two neighbouring countries with overall similar levels
of antibiotic usage and clone distributions, we sought to
maximise the opportunity to robustly identify reasons for
clone success, while minimising the effect of confounding
factors by careful study design. However, uncontrolled
confounding, such as differing international travel patterns
between the study countries, might also have contributed to
the higher prevalence of ST131–C2 in the UK via more
extensive import and constitutes the main limitation in the
interpretation of our results. However, full causal attribu-
tion would only be possible in a randomised trial setting,
which is not feasible in the current population-wide context.
Extension of the earlier BSAC data confirms that the

differences between Norway and the UK observed by
Gladstone and colleagues in 2002–114 remained the same
during the later years 2012–17. Furthermore, our findings
reinforce a previous quantification of the relative virulence
of different E coli clones from 2022, which established a
number of clones as significantly less or significantly more
virulent than baseline by comparing clone frequencies in
asymptomatic neonatal colonisation to those observed in
bloodstream infections.17 Our new data demonstrate that
the UK-based estimates of invasiveness were robust and
further highlight the importance of geographically and
temporally matched collections in comparisons of colon-
isation and infection. An important conclusion from these
estimates is that ST131 clade A is considerably more suc-
cessful in colonisation of hosts than is cladeC2,whereas the
converse is true for bloodstream infections. This finding is
well aligned with the much higher population expansion
rate estimate ofST131 cladeA for the years 2004–06 (around
ten-times higher) combined with the same observed order
of magnitude in the bloodstream infection frequency,4
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suggesting that clade A did spread both faster and further
among the host populationwith a larger effective population
size, but was less likely to cause bloodstream infections.We
also previously reported that clade A shared a common
ancestorwith the rest of ST131 in around1977, and cladeC2
probably diverged from C1 in the 1990s.4 A relatively rapid
specialisation of the clades of ST131 seems to have occurred
over the past 50 years, resulting in the differences in AMR,
population size, invasiveness, plasmids, and antigens (fimH
and O-H-type) that characterise them today.
Our study lends further support to the observed

importance of non-antibiotic-related balancing selection in
www.thelancet.com/microbe Vol 5 February 2024
maintaining an equilibrium among clones.4,5,9 However, it
also highlights that the selective effects of antibiotics at
the population level vary considerably across different
classes of broad-spectrum antibiotics, and that particular
classes, such as cephalosporins belonging to non-penicillin
β-lactams, exhibit the power to furthermodulate the success
of MDR clones, such as the C2 clade of ST131. Of the top
four clones, trimethoprim resistancewas significantlymore
common only within ST131 in the UK than in Norway,
which could be explained by co-selection within the C2
clade, as previously suggested in Sweden.18 However, our
data demonstrate that selective effects do not necessarily
e148
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operate in the samemanner in different successful extant or
expanding clones.
A large genomic survey in the USA in 2019–20 found the

same dominant clones among predominantly urine isolates
of E coli as observed in bloodstream infection cases in the
UK and Norway.19 It is more challenging to extrapolate the
relative effects seen in the current study to regimes of DDD
levels observed in regionswithmuch less regulated and also
non-documented use of antibiotics. As examples, a study of
healthy colonisation dynamics conducted in Laos found no
isolates of ST131 among 219 ESBL-positive E coli.20 Simi-
larly, screening of patients in intensive care units at two
hospitals in Hanoi, Viet Nam, identified ST131 only as the
fourthmost common clone, with ST648, ST410, and ST617
at higher frequencies.21 Despite ST131 being recognised as
the most successful MDR extra-intestinal pathogenic E coli
clone globally, it might not have the same selective advan-
tage among E coli circulating in southeast Asia, compared
with Europe and the USA.8 Data on documented antibiotic
use from the WHO GLASS surveillance network support
this interpretation, because use of non-penicillin β-lactam
antibiotics is substantially higher in countries within this
region, such as Laos,Mongolia, andNepal,21 than in theUK.
Taken together, findings from our study and the other
available data show that the effects of antibiotic selection and
balancing selection stemming from non-antibiotic-related
factors in colonisation competition might be markedly dif-
ferent inultra-selective environments,warranting sustained
research effort in quantifying the drivers of success for
clinically important pathogens across a range of ecological
settings.
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