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Escherichia coli sequence type 131 (ST131) is a globally dissemi-
nated, multidrug resistant (MDR) clone responsible for a high pro-
portion of urinary tract and bloodstream infections. The rapid
emergence and successful spread of E. coli ST131 is strongly asso-
ciated with several factors, including resistance to fluor oquino-
lones, high virulence gene content, the possession of the type 1
fimbriae FimH30 allele, and the production of the CTX-M-15 ex-
tended spectrum � -lactamase (ESBL). Here, we used genome se-
quencing to examine the molecular epidemiology of a collection of
E. coli ST131 strains isolated from six distinct geographical loca-
tions across the world spanning 2000 –2011. The global phylogeny
of E. coli ST131, determined from whole-genome sequence data,
revealed a single lineage of E. coli ST131 distinct from other extra-
intestinal E. coli strains within the B2 phylogroup. Three closely
related E. coli ST131 sublineages were ide ntified, with little as-
sociation to geographic origin. The majority of single-nucleotide
variants associated with each of the sublineages were due to
recombination in regions adjacent to mobile genetic elements
(MGEs). The most prevalent sublineage of ST131 strains was char-
acterized by fluor oquinolone resistance, and a distinct virulence
factor and MGE profile. Four different variants of the CTX-M
ESBL–resistance gene were identified in our ST131 strains, with
acquisition of CTX-M-15 representing a defining feature of a dis-
crete but geographically dispersed ST131 sublineage. This study
confirms the global dispersal of a single E. coli ST131 clone and
demonstrates the role of MGEs and recombination in the evolution
of this important MDR pathogen.
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M any multidrug-resistant (MDR) bacterial strains are now
recognized as belonging to clones that originate in a spe-

cific locale, country, or even globally.Escherichia colisequence
type 131 (ST131) is one such recently emerged and globally
disseminated MDR pandemic clone responsible for community
and hospital-acquired urinary tract and bloodstream infections.
E. coli ST131 was identified in 2008 as a major clone linked
to the spread of the CTX-M-15 extended-spectrum� -lactamase
(ESBL) resistance (1–3). Since then,E. coli ST131 has also been
strongly associated with fluoroquinolone resistance, and core-
sistance to aminoglycosides and trimethoprim-sulfamethoxazole
(4–6). Alarmingly, strains of E. coli ST131 resistant to carbape-
nems have also been reported (7, 8), further limiting treatment
options for this clone.

E. coli ST131 belongs to the B2 phylogenetic subgroup I, with
most isolates characterized as serotype O25b:H4 (1). Epidemi-
ology studies using pulse-field gel electrophoresis (PFGE) have
demonstrated that E. coli ST131 strains exhibit diversity, with

some dominant PFGE pulsotypes including the UK epidemic
strain A (9) and pulsotype 968 (10, 11) widely distributed across
the globe. More recently, a typing scheme using the type 1 fim-
briae fimH adhesin gene revealed that a large subclonal lineage
of E. coli ST131 strains possess the FimH30 allele, which is also
associated with specific mutations in thegyrA and parC genes
that confer resistance to fluoroquinolones (12).

Several whole genome (13–16) and PCR (1, 17–20) studies
have revealed thatE. coli ST131 strains possess a variable
complement of genes encoding established virulence factors
commonly associated with extraintestinal pathogenicE. coli
(ExPEC). Indeed, few virulence genes appear to be uniformly
present in E. coli ST131 and, thus, it is likely that differences
in virulence gene content contribute to the variable virulence
potential that has been reported. For example, although some
ST131 strains cause rapid death in a mouse sepsis infection
model (21), this phenotype is not consistent among all strains
(22). The E. coli ST131 strain EC958, which is a representative
of the FimH30-fluoroquinolone resistant subgroup, has been
characterized at the molecular level (15).E. coli EC958 contains
an insertion in the type 1 fimbriae regulator genefimB (15) that
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is also common to other strains in the FimH30 subgroup (23)
and colonizes the mouse bladder in a type 1 fimbriae-dependent
manner (15). In mice,E. coli EC958 establishes acute and chronic
urinary tract infection (UTI), forms intracellular bacterial com-
munities in the bladder (24), and causes impairment of ureter
contractility (25). E. coli EC958 is also resistant to the bactericidal
action of human serum (26).

The rapid global dissemination ofE. coli ST131, combined
with its MDR phenotype and the lack of new antimicrobial drugs
in the developmental pipeline, highlights the urgent need to un-
derstand this pathogen and combat its spread. Here, we sequenced
the genomes of 95E. coli ST131 strains from six geographical
regions (isolated from 2000 to 2011) to examine the spatial and
temporal relationships ofE. coli ST131. Our data supports the rapid
and recent global dispersal ofE. coli ST131 as a single clone.

Results and Discussion
A Global Collection of E. coliST131 Strains.A collection of 99 E. coli
strains defined as ST131, using a described PCR test specific
for the O25b rfb gene and allele 3 of thepabBgene (27), were
isolated between 2000 and 2011 from six countries (Australia,
Canada, India, Spain, United Kingdom, New Zealand) (Dataset
S1). The strains were obtained from several clinical sources and
included isolates from urine (n = 53), blood (n = 21), peritoneal
fluid ( n = 1), abdominal abscess (n = 1), surgical wound (n = 2),
and rectal swabs (n = 11). The strains were selected with an
endeavor to encompass diversity with respect to geographic or-
igin, date of isolation, and clinical source. The strains possessed
a range of antibiograms, including variable resistance to ami-
noglycosides, second and third generation cephalosporins, fluo-
roquinolones, penicillins, and sulfonamides (Dataset S1). All
strains were sequenced by using the Illumina HiSeq, assembled
using Velvet, andin silico multilocus sequence typing (MLST)
was performed to confirm the sequenced strains were ST131.
Four strains originally defined as ST131 byrfb and pabB PCR
actually belonged to ST95 (Dataset S1), thus reducing the final
number of ST131 strains examined to 95.

Rapid Global Dispersal of E. coli ST131 as a Single Clone.Phylo-
genetic analysis of the 95E. coli ST131 strains was carried out
by using whole genome alignment and single-nucleotide poly-
morphism (SNP) analysis using the completely sequenced ST131
representative strain SE15 (13). A maximum likelihood (ML)
tree built using all 142,750 SNPs confirmed that all ST131 strains
belonged to phylogroup B2, subgroup I and showed that ST131
clustered into three well-supported clades that we refer to as
A, B, and C (SI Appendix, Fig. S1A). ML trees based on the
3,186,979-bp core alignment of the assembled sequence data
supported this topology (SI Appendix, Fig. S2A). Recombination
is the primary contributor to interclade diversity with only 70
nucleotide substitutions found to distinguish clades B and C
after removal of recombinant regions (Fig. 1A and Dataset S2).
Neither temporal nor geographical clustering between the major
clades could be observed (Fig. 1A); however, each clade is
comprised of at least two well-supported sublineages and smaller
clusters of closely-related strains that exhibit some geographical
association (Fig. 1B and Dataset S2). This data suggested an
evolutionary history more complex than a standard geographical
clonal expansion, as exemplified by many occurrences of nearly
identical strains isolated in different countries and continents
and over different periods of time. Similar phylogeographic
patterns have been observed for other successful MDR global
lineages such asStaphylococcus aureusST239 and the PMEN1
pneumococcal lineages (28, 29), whereas a contrasting exam-
ple of clonal expansion with more defined geographical clus-
tering has been reported forShigella sonnei(30).

ST131 clade A contains the previously-sequenced SE15 strain
and is the most divergent clade (� 7,000 and� 8,900 SNPs from
clades B and C, respectively) characterized by thefimH41 allele
and different gyrAand parCvariants. ST131 clade B is very similar
to clade C (distinguished by� 2,900 SNPs) and is characterized by

an intact fimB, the fimH22 allele, andgyrAand parCvariants that
are consistent with their fluoroquinolone sensitivity (Fig. 1A and
Dataset S1). ST131 clade C strains make up 79% of the ST131
strains sequenced in this study and are distinguished by possession
of the fimH30 allele and the fluoroquinolone resistance alleles
gyrA1AB and parC1aAB (Fig. 1A). All but one of the clade C
strains contained an insertion within thefimB gene as we originally
observed in the clade C strain EC958 (15). These isolates were
collected in six countries from 2000 to 2011, indicating that the
dominant clade C ST131 lineage originated from a single clone
before the year 2000 (Fig. 1A). Although we cannot rule out the
possibility of a bias in our strain collection, we note that the
dominant group among another large collection of ST131 strains
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Fig. 1. Phylogenetic relationship of ST131 strains. ( A) ML phylogram with
triangles indicating bootstrap support of >90% from 1,000 replicates. The
tree is rooted by using the outgroup phylogroup D strain UMN026; branch
lengths correspond to the number of SNPs difference (scale bar bottom left).
The phylogram was built from 119,514 substitution-only SNPs determined by
read-mapping using E. coli SE15 as reference excluding recombinant regions,
as defined by BRATNextGen analysis (34). The taxa labels for sequenced
ST131 strains are colored red (clade A), orange (clade B) and green (clade C).
Previously sequenced reference strains are colored black. Colored circles next
to each strain correspond to country and year of isolation (see key). Squares
indicate allelic profiling for fimH , parC, gyrA , and CTX-M (see key). A missing
square indicates the gene is absent. ( B) Several well-supported subclades are
evident in the ST131 phylogeny, with the CTX-M-15 gene confined to the
second subclade of clade C. The topology-only cladogram (not to scale)
corresponding to the phylogram in A is shown in gray, with node support
of >90% depicted as gray diamonds. The number of SNPs that define clade
C and sublineages C1 (Upper ) and C2 (Lower ) are shown below relevant
branches (nonsynonymous, synonymous, intergenic); refer to Dataset S2 for
full list of SNPs and consequences.
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was also found to share the samefimH30-gyrA1AB-parC1aAB
allelic profile (12).

Analysis of the density of all SNPs along the SE15 reference
chromosome revealed a nonhomogeneous distribution, with
many core-genome regions associated with a density� 8.5-fold
higher than the expected average (Fig. 2). Because discrete
regions with a high-density of SNPs may be the result of re-
combination events, as opposed to mutational hotspots (31, 32),
we inferred the recombination across ST131 genomes by using
a Bayesian clustering approach that was previously successfully
applied to S. aureusand Streptococcus pneumoniae(33, 34). We
found that recombination has introduced 76.6% of the 16,424
SNPs and 2,050 small indels that differentiate the strains within
the ST131 lineage (SI Appendix, Fig. S3and Dataset S3). Phylo-
genetic analysis using only SNPs found in recombinant regions
also clustered the ST131 strains into the same three-clades
structure (SI Appendix, Figs. S1B and S2B). Overall these results
reflect the significant role that recombination has played in
shaping the three major ST131 lineages with subsequent point
mutations driving the fine-scale diversity within each clade.

Antibiotic Resistance Is Associated with ST131 Clade C.Besides the
major contribution of recombination events to the between-clade
diversity of ST131, we also observed differences in the distribu-
tion of SNPs between recombinant and nonrecombinant regions
(Fig. 2). SNP density across all strains combined was higher in
recombinant regions with an estimated 1.19× 10Š2 SNPs per site
compared with 1.39× 10Š3 SNPs per site in nonrecombinant
regions. Despite the lower density of SNPs, nonrecombinant
regions were characterized by a relatively higher ratio of non-
synonymous to synonymous SNPs (0.05 and 0.07 SNPs per ki-
lobase, respectively) compared with recombinant regions (0.2
and 0.89 SNPs per kilobase, respectively). This difference was
significant (� 2 = 1,045.8,P < 0.00001) and is consistent with a
pairwise comparison of ST131 clade A and clade C strains (23).

Fluoroquinolone resistance is one of the major determining
features of the ST131 clone and is associated with point muta-
tions in the gyrAand parC genes (12) (Fig. 1). The three major
gyrAalleles found in our ST131 dataset were attributed to ver-
tically transmitted point mutations, with uniquegyrAmutations
also found in clade A strain S5EC (A669T) and clade C strain
B36EC (Q453R), respectively. In contrast, theparC1aAB allele
was introduced into clade C via recombination, replacing the
parC1 allele and surrounding Rec_089 region that is conserved in
most clade A and B strains (Dataset S3). Multiple, overlapping
recombination events continue to shape the ST131 lineage as
evidenced by two independent replacements of Rec_089 in
subgroups of cladeA (encompassingparC2) and clade B (parC3A),
with a further two partial replacements of a 1.8-kb Rec_089
subfragment immediately upstream ofparC in two clade C

strains (S101EC and S113EC). Among the 34nonsynonymous
and nonrecombinant substitutions that define clade C, we could
map nine to crystal structures of homologs, several of which
encode amino acid changes that may impact their function (SI
Appendix, Fig. S5 and Dataset S2). For example, there is a
mutation in the gene encoding the MukB chromosome partition
protein, a known interacting partner of ParC (35). In addition to
establishedfimH, parC and gyrAmutations in clade C strains, our
identification of further genes with clade C-specific mutations
paves the way for more targeted investigations to identify key
evolutionary events that underpin the success ofE. coli ST131.

Among the SNPs that have arisen in individual ST131 clade C
strains or subgroups, there are a number within potential anti-
biotic resistance genes that may have been selected in response
to antibiotic treatment (Dataset S2). Each ST131 clade C strain
(minus NA114) has between 0 and 50 (mean= 13, SD = 11)
unique, nonrecombinant SNPs, 49% of which are nonsyno-
nymous. There are numerous examples of nonsynonymous SNPs
within genes that encode homologs of multidrug resistance
proteins or other putative transporters that may affect antimi-
crobial uptake or efflux (Dataset S2). There are also several SNPs
in genes encoding penicillin-binding proteins (e.g., ECSF_2363/
PBP1C, ECSF_0094/PBP3), other cell wall modifying enzymes
(e.g., ECSF_2495 lytic murein transglycosylase B) and examples of
cell division genes (e.g., ECSF_2198), or essential genes that may
be important for intrinsic resistance development. Although the
majority of ST131 clade C SNPs are unique to the strain in
which they are found, or exhibit patterns of descent consistent
with the inferred phylogeny, we identified genes in which the
same mutation appeared to have been acquired independently
(Dataset S2). For example, the dihydrofolate reductase gene
(ESCF_0053) acquired the trimethoprim resistance L28R
mutation in two phylogenetically separated clade C strains (S116EC
and S11EC), with several other nonsynonymous mutations in
this gene present in different strains.

The majority of clade C strains also possess the CTX-M-15
gene (36 of 42 strains in sublineage C2), with seven other clade C
strains containing different CTX-M alleles (3, 14, or 27) (Fig. 1A
and Dataset S1). The CTX-M-15–positive strains cluster
within a discrete, but temporally and geographically dispersed,
sublineage within clade C (Fig. 1B). Although the pattern of
CTX-M-15 distribution within this sublineage is suggestive of
an ancestral acquisition of the CTX-M-15 gene and subsequent
loss by some individual strains, this allele does not associate
with any particular plasmid incompatibility group defined by
sequence-based typing (SI Appendix, Fig. S4). Furthermore, the
CTX-M-15 gene is found on assembled contiguous fragments
(contigs) ranging in size from 1.4 kb to 10 kb with variable
adjacent gene content (many of which have been previously
identified on plasmids), suggesting that the CTX-M-15 gene has
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Fig. 2. Distribution of ST131-only core SNPs in recombinant versus nonrecombinant regions. ( A) Comparison of the linear genome arrangement of the clade
C strain EC958 (Upper ) and the clade A strain SE15 ( Lower ). Solid dark-blue lines between EC958 and SE15 indicate BLAST match of � 99% nucleotide identity
between the two genomes. Genomic features of interest are highlighted for both strains as follows: prophages (pink); ST131 characteristic ROD1, ROD 2, and
ROD3 (yellow); previously characterized genomic islands (blue); and other regions of interest (turquoise). Labels refer to the ST131-characteris tic regions
defined in the genome of EC958 (15). ( B) Heatmap showing the density of 16,424 ST131-only core SNPs along the SE15 chromosome: Syn_NR (synonymous,
nonrecombinant); NSyn_NR (nonsynonymous, nonrecombinant); Syn_R (synonymous, recombinant); and NSyn_R (nonsynonymous, recombinant). ST131- only
core SNPs were defined as bases called from the mapping data in all strains of the dataset with polymorphisms specific to the ST131 lineage. Recombinan t
region coordinates were delineated by using BratNextGen. The SNP density heatmap with (number of SNPs per 1 kbp nonoverlapping bin) is indicated by th e
color key. The x axis at the bottom of the figure represents the SE15 reference chromosome coordinates.
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