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Abstract

Atypical enteropathogenic Escherichia coli (aEPEC) is an umbrella term given to E.
coli that possess a type lll secretion system encoded in the locus of enterocyte
effacement (LEE) but lack the virulence factors (stx, bfpA) that characterise
enterohaemorrhagic E. coli and typical EPEC respectively. The burden of disease
caused by aEPEC has recently increased in industrialised and developing nations,
yet the population structure and virulence profile of this emerging pathogen are
poorly understood. Here, we generated whole-genome sequences of 185 aEPEC
isolates collected during the Global Enteric Multicenter Study from seven study sites
in Asia and Africa, and compared them with publicly available E. coli genomes.
Phylogenomic analysis revealed ten distinct widely distributed aEPEC clones.
Analysis of genetic variation in the LEE pathogenicity island identified 30 distinct LEE
subtypes divided into three major lineages. Each LEE lineage demonstrated a
preferred chromosomal insertion site and different complements of non-LEE encoded
effector genes, indicating distinct patterns of evolution of these lineages. This study
provides the first detailed genomic framework for aEPEC in the context of the EPEC
pathotype, and will facilitate further studies into the epidemiology and pathogenicity

of EPEC by enabling the detection and tracking of specific clones and LEE variants.



Introduction

Atypical enteropathogenic Escherichia coli (aEPEC) is a globally emerging pathogen
associated with acute and persistent diarrhoea in children'. Currently aEPEC is
defined by the presence of the locus of enterocyte effacement (LEE) pathogenicity
island and the absence of other specific virulence determinants, including Shiga toxin
(stx gene, which together with the LEE characterise enterohaemorrhagic E. coli
(EHEC)), and the plasmid-encoded bundle-forming pilus operon (bfp, which together
with the LEE characterises typical EPEC (tEPEC))**. Attempts to identify novel or
known genes that explain the pathogenicity of aEPEC have largely failed"”. In these
studies, however, aEPEC has been treated as a single homogeneous group,
whereas recent genomic analyses of other pathotypes of E. coli, such as
enterotoxigenic E. coli (ETEC), indicate that they comprise multiple distinct lineages
that have emerged in parallel via the horizontal acquisition of specific virulence

determinants in the accessory genome®”’.

The LEE, which is the only known virulence determinant of aEPEC, is a 35 kb
chromosomal pathogenicity island comprised of 41 core genes organised into five
operons®. It encodes a type Ill secretion system (T3SS), the intimin protein (Eae) and
its translocated receptor (Tir), as well as translocons, chaperones, regulators and
secreted effector proteins that are linked to virulence®'°. The hallmark
histopathological trait of an EPEC infection is the formation of attaching and effacing
lesions in the gut of the host as a consequence of cytoskeletal changes which result
from the interaction of intimin with Tir*. The T3SS is a complex machine evolved from
the bacterial fIageIIum”. Its constituent proteins form a needle-like structure, known
as the ‘injectisome’, and are highly conserved to maintain the complex interactions
required for T3SS functionality’®'?. The T3SS enables virulence effector proteins
encoded by genes located on the LEE and elsewhere in the accessory genome to be

translocated into eukaryotic cells™.

The LEE is hypothesised to be transferred horizontally between E. coli of different
chromosomal backgrounds®'®, but little is known about genetic variation within the
LEE. Research based on six LEE sequences, not including aEPEC, suggested that
different LEE component proteins are under different evolutionary pressures, with
strong conservation of T3SS components and limited positive diversifying selection

within other genes’®. Another study centred on the LEE sequences from two aEPEC



isolates also suggested conservation of the T3SS machinery and greater sequence
variation in the effector genes'’. Other studies have attempted to define LEE
subtypes based on genetic variation in a handful of genes including eae, tir and three
translocon genes espABD, but no definitive correlations have been identified
between LEE subtypes and either EPEC or EHEC'®"®.

Effectors encoded on the LEE and secreted by the T3SS disrupt host cell functions
through a variety of mechanisms, thereby causing disease in the host and potentially
increasing the fitness of the bacteria®. Indeed, it has been proposed that the initial
role of the LEE T3SS apparatus was to transport flagellar components but with the
recruitment of the other LEE genes it has evidently adapted to deliver effectors
directly to eukaryotic cells'. Non-LEE encoded (Nle) effectors secreted by the T3SS
have a range of known virulence functions, including inhibition of NF-kB cell-
signalling pathway and host cell apoptosis?>?'. Considerable variation exists within
the Nle-efffector repertoire of EPEC and EHEC, however, with some evidence that a

higher number of effectors per genome is associated with increased pathogenicity'.

In this study we investigated the evolution of aEPEC and the LEE through
phylogenomic analysis of aEPEC isolates obtained during the Global Enteric
Multicenter Study (GEMS) conducted in African and South Asian children with
moderate-to-severe diarrhoea and matched asymptomatic controls?*%. We also
incorporated publicly available genome sequences for EPEC (both tEPEC and
aEPEC), EHEC (both O157 EHEC and non-O157 EHEC) and other E. coli reference
genomes to provide a species-wide context for our study. Our analyses
demonstrated the parallel emergence of multiple globally distributed aEPEC clones,
through the acquisition of distinct LEE subtypes that are associated with distinct
chromosomal backgrounds and insertion sites. These data have important
implications for our understanding of the emergence of pathogenicity in E. coli and

thus will facilitate future studies of EPEC epidemiology and virulence.

Results

Population structure of atypical EPEC

To investigate the population structure of aEPEC, we sequenced 196 novel isolates

identified from the GEMS study?® and compared these to 171 publicly available E.

coli genomes of diverse pathotypes and an E. albertii isolate (Supplementary Table



1). We used a mapping-based approach to construct a core genome phylogeny to
model vertical evolution (see Methods), which revealed ten phylogenetically distinct
aEPEC clusters or clonal groups (CGs) containing > 5 isolates each (Fig. 1).
Alternative core genome phylogenies inferred using a reference-free approach, with
and without filtering for recombination, yielded near-identical tree topologies and
recovered the same aEPEC clonal groups (Methods, Supplementary Note,
Supplementary Fig. 1). CGs were named after their dominant multi-locus sequence
types (STs)** (Supplementary Table 1). The aEPEC isolates we analysed were
originally identified by multiplex PCR detection of eae but not bfpA or stx**. Genome
analysis revealed the presence of the bfp operon with a divergent (beta) form of bfpA
and per regulator genes in eleven GEMS isolates, which were re-classified as tEPEC
(Fig. 1). Further, as the LEE could conceivably have been non-functional in some
isolates, we screened all GEMS isolates for their ability to secrete EspB and EspD
with secretion assays confirming functionality of the encoded T3SS (Supplementary

Note, Supplementary Fig. 2).

The wide distribution of aEPEC within the E. coli core genome phylogeny confirms
that aEPEC lineages have arisen on multiple occasions by acquiring the LEE
pathogenicity island through horizontal gene transfer. This is consistent with the
emergence of other E. coli pathotypes, such as ETEC®. Of the 258 aEPEC genomes
we analysed, 184 (71%) fell into one of ten common aEPEC CGs comprising >5
genomes each, with the remaining genomes distributed amongst rarer clusters (<5
genomes each). The ten aEPEC CGs exhibited within-clone nucleotide diversity of
<0.06% amongst core genes, compared to >1% diversity between CGs and with
other E. coli lineages (Supplementary Note). Four of the aEPEC CGs also contained
isolates with additional virulence factors bfp or stx (Fig. 1). Based on the distribution
of these virulence factors within the intra-clone phylogenies (Supplementary Fig. 3,
Supplementary Note), the most parsimonious scenario is that CG121 and CG10 are
aEPEC clones each formed by a single LEE acquisition event, with a subsequent
bfpA acquisition event. CG3 contains multiple subclusters with bfpA (Supplementary
Fig. 3), which could be explained by either loss of the bfp plasmid from some isolates
or by frequent transfer of the plasmid into a permissive clonal background. A similar

pattern was evident for stx within CG29 (Supplementary Fig. 3).

Rarefaction curves (Fig. 2a) indicate that additional sampling at the GEMS sites and
elsewhere will likely reveal additional aEPEC clones, in addition to detecting further

isolates belonging to the existing aEPEC clones and clusters. Most of the aEPEC



clones we identified were present in all seven Asian and African GEMS sites (Fig.
2b) and were isolated in multiple years of the study (Fig. 2c), indicating that they are
widely disseminated and able to persist in local human populations. Further, eight
aEPEC clones included aEPEC reference genomes isolated from Europe and/or
America, suggesting these clones may be globally disseminated (details in
Supplementary Table 1). The greatest diversity of aEPEC was identified in the Asian
GEMS sites whilst the West African sites (The Gambia and Mali) showed the least
diversity, with only five of the aEPEC clones detected for a period exceeding three
months. This was probably due to a smaller sample size from this region (n=46

isolates, compared to 77 from East Africa and 73 from Asia) (Supplementary Fig 4).

Evolution and population structure of the LEE

The LEE encodes the T3SS machinery and secreted proteins, which together form a
complex system capable of manipulating host cells. Phylogenetic analysis based on
eight genes (escCJNRSTUYV, see Supplementary Note) confirmed that all the LEE-
encoded T3SS sequences extracted from our 170 novel isolates and 82 LEE-
containing reference genomes belong to the E. coli T3SS (ETT1) cluster, which is a
member of the Salmonella Pathogenicity Island 2 (SPI12) T3SS family'". Next we
examined genetic variation across the full complement of 41 LEE genes (Methods,
Supplementary Note). Genes involved in the T3SS machinery showed greater
sequence conservation (higher nucleotide similarity), and were under stronger
purifying selection (lower dN/dS), than non-T3SS genes including eae, tir, the

effector genes, and the translocon genes, espA, espB and espD (Figure 3).

To investigate co-evolution of the LEE genes, we examined correlations between
individual gene trees. This analysis indicated that variation in T3SS genes was tightly
correlated with one another, while eae, tir and the genes encoding effectors and
translocons varied more freely (Supplementary Fig. 5). Network analysis of the
correlation data identified four sub-networks of co-evolving genes (Fig. 4). Sub-
networks 1 and 2 were the largest and contained most of the genes that encode the
T3SS machinery, regulators and the majority of chaperones. The genes in these two
sub-networks were predominately located in the LEE1, LEE2 and LEE3
transcriptional operons (Fig. 4b). One effector gene, espG, was part of sub-network
1; the remaining effector genes, as well as eae, tir, two chaperone genes and six of
the T3SS genes formed two small sub-networks or were singletons (i.e. had
evolutionary histories distinct from one another and from other genes). Adaptive

selection within these genes was investigated in more detail (Supplementary Fig. 6,



Supplementary Note). The translocon genes, espA, espB and espD; the key genes
involved in the formation of attaching-effacing lesions, namely eae and tir, and the
effector genes, espF, espG and espZ all had specific sites that were under strong
positive (diversifying) selection and other sites that were under strong negative

(purifying) selection.

As the LEE gene-tree correlations were suggestive of recombination within the LEE,
we used ClonalFrame? to investigate vertical evolution and acquisition of the LEE in
aEPEC. This revealed that whilst recombination has occurred at low rates across the
entire LEE pathogenicity island, and that it most frequently affects eae, fir, the
translocon and effector genes (Supplementary Fig. 7). Further, our analyses
revealed a deep-branching phylogenetic structure (Fig. 5), demarcating three distinct
LEE lineages with an average nucleotide divergence of 1-4% within LEE lineages
(similar to species-wide divergence between core chromosomal genes in E. coli or
other species) and 4-7% between lineages (similar to the divergence typically
encountered between homologous genes in related genera). LEE lineage 1 was
comprised entirely of novel aEPEC isolates, belonging to CG301 and CG378 whilst
the previously characterised 0157 EHEC and tEPEC isolates fell within the common
LEE lineages 2 and 3 (Fig. 5). The three LEE lineages were further divided into 30
subtypes on the basis of their phylogeny (referred to hereafter as LEE-1, LEE-2, etc).
These LEE subtypes captured variation in individual LEE genes that is compatible
with, but provides greater resolution than, previous subtyping analyses.

(Supplementary Figs. 8 and 9, Supplementary Note).

Association of LEE subtypes with distinct patterns of Nle-effector genes and
LEE insertion sites

Screening for genes encoding known Nle-effector genes indicated that different LEE
subtypes may be associated with different complements of effectors (Fig. 5,
Supplementary Fig. 10). Specifically, the distribution of most of the Nle-effector
genes were significantly associated with the three LEE lineages (P <0.05, Fisher’s
exact test with simulated P value based on 2,000 replicates, Supplementary Table 2)
and with many of the LEE subtypes. Isolates within the well characterised subtypes
LEE-27 (carried by tEPEC E2348/69) and LEE-10 (O157 EHEC) haboured many of
the known effector genes, such as nleB1 and nleE, which are thought to be co-
transferred horizontally>%. In contrast, subtypes belonging to the novel LEE lineage
1 (LEE-1in CG378; LEE-2 in CG301) carried few of the known Nle-effector genes.

This likely reflects a discovery bias in Nle-effector screens to date, with the corollary



that additional effectors may remain to be discovered amongst CG301 and CG378

strains.

The distribution of LEE subtypes amongst the different CGs and clusters is shown in
Fig. 6. These data illustrate the numerous events in which distinct LEE subtypes
were acquired by different E. coli isolates with distinct chromosomal backgrounds.
The LEE can be inserted into one of three sites in the E. coli chromosome: tRNA-
selC, tRNA-pheU and tRNA-phe\/g. The most common site we found was tRNA-selC,
accounting for half of all LEE insertions, in a range of chromosomal backgrounds
(Figs. 5 and 6, Supplementary Fig. 10). The other insertion sites were less frequent
in terms of both overall number of isolates and the number of independent insertions.
These three insertion sites were associated with the three LEE lineages (P = 0.0005,
Fisher's exact test with a simulated P value based on 2,000 replicates) as follows: all
LEE lineage 1 insertions occurred in tRNA-pheU, 20 of the 22 LEE subtypes in LEE
lineage 3 were inserted in tRNA-se/C and LEE lineage 2 was inserted most
frequently in either tRNA-pheU or tRNA-pheV (Fig. 5, Supplementary Table 3,
Supplementary Fig. 10). All isolates in the closely related groups 0157 EHEC and
CG335 (aEPEC) carried LEE-10 (LEE lineage 3) in tRNA-selC, consistent with a
single shared acquisition event (Fig. 6), followed by the subsequent acquisition of stx
to form the O157:H7 EHEC lineage. Most aEPEC clones were associated with a
single LEE subtype and insertion site (Fig. 6, Supplementary Fig. 10) except GC3,
CG29, CG40, CG517. The LEE variants clustered together within the intra-clone
phylogenies (Supplementary Fig. 3), consistent with rare events resulting in
replacement of the LEE locus. Notably CG3, CG40 and CG29 all had predominantly
LEE-8 (LEE lineage 2) plus LEE subtypes from LEE lineage 3, suggesting that LEE-8
may be either unstable (displaced by other incoming LEE insertions) or promiscuous

(frequently displacing existing LEE insertions).

Discussion

For over a decade aEPEC has been described as an emerging pathogen™?. The
term “emerging pathogen” is commonly used to describe agents of infection whose
incidence is increasing, either following transition to a new host population or in an
existing population caused by changing epidemiological factors (which may or may
not be identified). Our genomic analyses provide the first high-resolution elucidation
of the population structure of the emerging pathogen aEPEC revealing that aEPEC

clones and additional phylogenetically distinct lineages have emerged on multiple



occasions (Fig. 1, Supplementary Table 1). Further, our data show conclusively that
these E. coli carry distinct variants of the LEE and non-LEE encoded effectors. This
indicates that aEPEC have ‘emerged’ repeatedly in the evolutionary sense, in that
they have evolved on many separate occasions via horizontal gene transfer. Our
data indicate that previous studies where aEPEC was treated as a homogenous
group5,19,22,27

aEPEC lineages, which differ in their accessory gene content and associated

, are likely to have been confounded by the occurrence of multiple

pathogenic potential (Figs. 5 and 6), obscuring the true impact of aEPEC. The
identification of multiple distinct aEPEC CGs provides a strong rationale for more
detailed subtyping of aEPEC in future studies, and highlights the inadequacy of the
current delineation of EPEC into two subgroups, tEPEC and aEPEC?’. Importantly,
our findings provide an opportunity to re-examine and refine epidemiological studies
of diarrhoeal disease aetiology and the emergence of aEPEC as a diarrhoeal
pathogen, by enabling the stratification of aEPEC into distinct clones in order to
investigate whether observed increases in aEPEC infections are in fact due to
emergence of a particular clone or clones within defined human populations. Further,
these findings provide a framework to identify and characterise putative virulence
factors in the accessory genome of the clonal lineages. This analysis was beyond the

scope of the current study.

Our data revealed diverse selective pressures acting on LEE genes. Those genes
encoding immunogenic proteins that are exposed to and interact with the host have
accumulated extensive genetic diversity both within and between the various LEE
subtypes (Fig. 3, Fig. 4, Supplementary Fig. 6). In contrast, the T3SS genes of the
LEE have been far more limited in their evolution, consistent with smaller-scale
studies of LEE variation® and wider trends across the conserved families of T3SS"".
This has important implications for subtyping schemes, as it indicates which genes
have the greatest resolving power to distinguish LEE subtypes (Supplementary Fig.
8). The LEE gene variant data are available at https://github.com/katholt/srst2, which
can be used with SRST2 or BLAST to assign LEE subtypes to short reads or
assembled genome data, respectively. Our findings greatly expand the scale and
resolution of previous schemes by encapsulating the evolution of the LEE as not a
single genomic island that is stably maintained, but a dynamic region under complex
and varied selection pressures to retain functionality of the T3SS while continuing to

adapt and evolve in response to host defences.



Our finding that most aEPEC clones are associated with a single LEE subtype
indicates that these clones typically descend from a common ancestor in which a
single LEE acquisition event occurred (as opposed to being lineages that commonly
receive and retain LEE insertions), and that the LEE is maintained during subsequent
intercontinental clonal expansion and geographical dissemination (Figs. 2 and 6).
The maintenance of a single LEE subtype within each clone may be linked to the
presence of a compatible complement of Nle-effector genes encoded elsewhere in
the genome and secreted by the LEE-encoded T3SS which is supported by our
finding of an association between LEE subtypes and the repertoire of Nle-effector
genes (Supplementary Table 2). Further, the distribution of Nle-effector genes in our
E. coli strains (Fig. 5, Supplementary Fig. 10) supports the contention that some of
these genes are transferred together on genomic islands, such as PAlI 0122 which
carries nleE and nleB1 and flanks certain LEE subtypes®?®*?°. NleE and NleB1 have
complementary roles in enabling the bacteria to persist in the host, as NleE (a
cysteine methyltransferase) inhibits local inflammation®' whilst NleB1 is a novel
glycosyltransferase that modifies host cell signalling proteins and inhibits apoptosis
of infected cells®. These two effectors contribute significantly to the infection strategy
common to attaching and effacing pathogens. Future lines of investigation will be to
characterise the mobilisation of Nle-effector genes, including co-transfer of these
genes within the bacterial population, and to identify novel Nle-effectors within LEE
lineage 1. Further, our analyses provide a framework for further work to identify and
characterise novel adhesins and potentially toxins that may contribute to

pathogenicity in different lineages of aEPEC

In conclusion, our data elucidate the population structure of aEPEC and provide an
in-depth analysis of its only known virulence determinant, the LEE pathogenicity
island. Our findings highlight the existence of globally disseminated aEPEC clones
that have acquired different LEE subtypes in their evolutionary histories, suggesting
that the acquisition of functional LEEs has played a driving role in the expansion of
these successful clones. Importantly, this study provides a possible explanation for
the failure of earlier attempts to characterise atypical EPEC in terms of clinical
disease symptoms or virulence genes, and provides a genomic framework for future
research that can take into account differences in chromosomal and LEE lineages,

which will be critical for future studies into the emergence of EPEC.
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Methods

Bacterial Isolates and sequencing

A total of 196 putative atypical EPEC isolates from the Global Enteric Multicenter
Study (GEMS) were analysed in this study?’. The GEMS isolates were originally
identified as aEPEC by PCR screening for the virulence markers: eae, bfpA, hlyA
and stx*®. The isolates selected for sequencing were mostly those from faecal
samples in which aEPEC alone, or with Giardia lamblia, was the only pathogen
detected, where a pure culture could be isolated and where the case and control
status were matched by site. Isolates sequenced from the seven sites were 3 of 58
aEPEC from Bangladesh, 48 of 303 from India, 22 of 115 from Pakistan, 13 of 85
from The Gambia, 59 of 203 from Kenya, 33 of 83 from Mali, and 18 of 74 from
Mozambique. A clinical aEPEC isolate from an infant with diarrhoea from the Royal
Children’s Hospital, Melbourne and an E. albertii isolate from the GEMS study were

also included.

Genomic DNA was extracted with the Sigma GenElute Bacterial Genomic DNA Kit
from purified bacterial cultures grown overnight at 37°C according to the
manufacturer’s instructions. DNA quality was measured with a NanoDrop
spectrophotometer (NanoDrop Technologies) and a DNA concentration of at least 50
ng/ul was used for each isolate. lllumina sequencing libraries were prepared,
combined into pools of 96 uniquely tagged isolates® and then sequenced on the
lllumina Hiseq 2000 platform at the Wellcome Trust Sanger Institute to generate

tagged paired-end reads of 100 bases in length.

An additional 170 publicly available commensal and pathogenic E. coli and Shigella
reference genomes were included. Details of all genomes analysed are given in

Supplementary Table 1.

Accession numbers

lllumina reads and annotated assemblies for the novel GEMS isolates are available
in the European Nucleotide Archive (ENA) under project number ERP001141.
Individual sample accessions are given in Supplementary Table 1, which also

includes accessions for all other genomes utilised in the analysis.
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Construction of a core genome SNP alignment

Single nucleotide polymorphisms (SNPs) were identified by comparison to the E. coli
reference genome O103:H2 12009 (a LEE-positive non-O157 EHEC isolate from
Japan)®'(Supplementary Note), using the in-house mapping-based pipeline RedDog
(https://github.com/katholt/RedDog).

RedDog uses Bowtie2*? to map each read set to the reference, and SamTools® to
call SNPs (Phred score =30, read depth =25x and <2*average depth). Consensus
alleles at all SNP sites identified in the isolate collection were then extracted from
each read set using SamTools>® (Phred score 220 and unambiguous; otherwise
allele call set to unknown ‘-). Core genes were defined as those annotated in the
0103:H2 12009 genome and present at 290% coverage of gene length (by read
mapping) with 99% conservation in all E. coli genomes in the test collection; a total of
1,810 core genes. SNP sites within these core genes were concatenated to make a

core genome SNP alignment for phylogenetic analysis, comprising 198,660 SNPs.

Core genome phylogenetic analysis and recombination detection

Maximum likelihood (ML) trees were inferred using RAXML run five times with the
generalised time-reversible (GTR) model and a gamma distribution to model site-
specific rate variation®**. One hundred bootstrap pseudo-replicate analyses were
performed to assess support for the ML phylogeny. For each analysis, the final tree
shown is that with the highest likelihood across all five runs, with ML estimates of
branch length and confidence in major bipartitions calculated using the bootstrap
values across all runs. Recombination filtering was performed using
ClonalFrameML®, using the best RAXML tree as the starting tree. Phylogenetic
lineages were defined using RAMI* to identify clusters based on patristic distance. A
cut-off distance of 0.00032 was selected as it differentiated the 0157 EHEC (CG11)
lineage from the aEPEC CG335 lineage, in agreement with published data. The
lineage accumulation curves for RAMI clusters, using only data from the GEMS
aEPEC isolates, were calculated separately for the three geographic regions Asia,
West Africa and East Africa, using vegan in R (http://cran.r-

project.org/web/packages/vegan/index.html).

lllumina reads were assembled using the de novo short read assembler Velvet and
Velvet Optimiser®’, annotated using Prokka® using the proteins annotated in
0103:H2 12009 as a primary reference and used to construct an alternative

reference-free core gene alignment (see Supplementary Note).
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Multi-Locus Sequence Typing (MLST)

MLST sequence types (ST) of the Achtman scheme®*
(http://mist.warwick.ac.uk/mlist/) were determined from the short read data using
SRST2* for the GEMS isolates and BLAST for reference genomes.

Nucleotide diversity and selection analysis

The pairwise diversity for each gene was calculated using MEGA6*°. The resulting
pairwise distance matrix was inverted to give the pairwise similarity in R. The dN/dS
ratio within each alignment was calculated with the SeqinR package‘”. Positive finite

ratio values were included in the ratio calculation.

Gene network analysis

An alignment for each of the extracted 41 individual LEE genes was constructed
using Muscle*?. A ML tree was created for each gene alignment using RAXML with a
GTR model with Gamma Substitution and Invariant sites with 100 bootstraps®. The
genetic distance with each gene tree was calculated in R using the ade4 package®.
Pairwise correlations between resulting distance matrices were calculated using the
pairwise Mantel Test. Co-evolution networks of the LEE genes were constructed
from pairwise correlations in Cytospace 2.8*. MCL clustering was performed with the
inflation parameter set at 2.2. The cut off edge weight value was set at correlation >
0.90 (approximately one standard deviation above the mean value for all pairwise

correlations).

Vertical evolution of the LEE

The LEE gene alignments were concatenated and analysed using ClonalFrame®.
ClonalFrame was run three times with 200,000 burn-in and 400,000 posterior
iterations each, sampling at every 1000™ iteration. Chain convergence was assessed
using Gelmen-Rubin convergence statistics (implemented in the ClonalFrame GUI)
and the run with the best convergence statistics was selected for the final analysis.
The posterior trees were exported and a strict consensus tree was constructed from
these using Dendroscope®®. The posterior probability of recombination events
determined by ClonalFrame analysis was extracted and the mean calculated for

probability events.
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Detecting the site of insertion of the LEE into the chromosome
BLAST analysis, using the housekeeping genes surrounding the three known tRNA
insertion sites of LEE (selC, pheU and pheV) as query sequences, was undertaken

to determine the LEE insertion site in each genome assembly.

Detection of genes encoding putative Nle-effector genes in the accessory
genome

A sequence database of genes encoding known Nle-effector genes from both EHEC
and tEPEC was created based on published works (listed in Supplementary Table 4).
GEMS isolate read sets were screened for these effectors using SRST2* with
default parameter settings, which identifies only close homologs with 290% identity
and 290% coverage of the reference sequences. Reference genomes were screened
against the same database with BLAST with 290% identity and =290% coverage. The
resulting matrix of effector gene presence/absence was clustered in R using

hierarchical clustering.
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Figure 1. Phylogeny of E. coli based on SNPs within 1,810 core genes.
A total of 359 E. coli genomes (258 aEPEC, 101 others) and 8 Shigella genomes

were used to construct the tree, which was midpoint rooted. The pathotype for
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isolates carrying the LEE pathogenicity island is indicated in the outermost ring
according to the key shown. The ten aEPEC clonal groups (CGs) discussed in the
text are highlighted and named in accordance with the dominant sequence type (ST)
according to the Achtman MLST scheme?®*. Two reference LEE-containing clones

(tEPEC and O157 EHEC) are also shown.
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Figure 2. Detection of aEPEC diversity and temporal and geographic

distribution of aEPEC clones across the GEMS sites.

(a) Rarefaction curves illustrating the accumulation of aEPEC lineages (defined by

RAMI and MLST) with increasing sample size, both overall (labelled aEPEC) and

separately for the three major geographical regions where GEMS sites were located.

(b) Distribution of the ten major aEPEC clonal groups (CG) at each of the seven

GEMS sites. (¢) Temporal spans (earliest to latest) showing when each of the ten

major aEPEC CGs were isolated in the three broad regions of the GEMS study —

West Africa (Mali and The Gambia), East Africa (Kenya and Mozambique) and South

Asia (Bangladesh, India and Pakistan).

20



Legend
LEE 1 LEE 2 LEE 3 LEE 5 LEE 4 M Type I1l Secretion System [l Regulator
[ Chaperone [l Effector [l Intimin and Tir
1004 8 THE il R ES T geEg: O ‘*‘
P
[ ! * i : i & : I B I ' Bacterial inner
804 * * Nt similarity + I ' " o8 : membrane
4. H Peptidoglycan
= [ ] i i i * Bacterial outer
< 604 /! ' B ° L0.6 membrane
2 ¢ ‘. n : I a Intimin
3 ! " : N 2
1 © .
5 a0 | dNiGS N bt 1 loa T"
= | h 0 O /) o
e I P 000 'R \ "
(VA I [ ) [ ! ! N /. .\ ! \
R TN L / \ L , L
20 4 1 Vi e Y ! \/ ‘e 0/ o F0.2 Host cell
| $ ve \ [ ! . Ly VI membrane
./ o \/\/ \ ,\.. ! 9 I Acti
o © PY o0 0 ctin
\.' rearangement
0 0.0 . Effectors ‘
Sq '((,:??)'6' 'Q.'c_;/\'\)' T -O-O-Q- 3-\-/\; IQ'QIY: R -({- W -0- lY:QlQ' IQ'C;Ql )
PR IXY, P& Qv N LEL82 O Q)
e (X ANV IS KA O XN R oM (o
PR GRS 0SS T i A @(,QQ%%%%% & . . .
Q‘b 7 Q“" / Q'b / Type Il Secretion Attaching /Effacing
o o N System Lesion

Figure 3. Nucleotide similarity and selection pressures within the LEE.
Nucleotide similarity (box plots, error bars show value range; left axis) and dN/dS
ratio (points; right axis) for the 41 LEE genes (right panel). The left panel (legend)
panel illustrates the type Ill secretion system translocating effectors into a host cell

and the intimin-Tir interaction that mediates the hallmark attaching and effacing
lesion.
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Figure 4. Co-evolution of sub-networks of LEE genes.

(a) Networks constructed from correlations between individual gene trees, plotted in

Cytoscape 2.8.3 with a correlation cut-off >0.90. Four tightly co-evolving gene

networks were identified: sub-network 1 (20 genes), sub-network 2 (7 genes), sub-

network 3 (2 genes) and sub-network 4 (3 genes); the remaining 9 genes are shown

as singletons. Genes are coloured by functional group shown in the key. (b) Genetic

organisation of the LEE locus, showing the spatial distribution of genes in each
subnetwork. The five transcription operons of the LEE are shown at the top of the

figure.

22



LEE Insertion
LEE Phylogeny subtype site
_// Lineage 1 1 (n=9) -
2 (=10
3+ o) [
4 =) ]
Lineage 2 5 (0=2) ED
6« (0=5) [ |
7 (n=5) :|
8+« (n=71) ] o
_: 9 (n=8) - frequency
10+ (n=24) D
Lineage 3 —|:11 n=5) ] 100%
_//— 2% (n=18) [
13 0=1)
i E 14 (n=3) [ 50%
15 (0=5) [
16 (0=2) [
17 o=1) [
18 (n=10) [ 0%
19 (=2) [
20+ (n=2) - Inse{tion
21 (n=2) site
2 (n=24)= @ selC
23+ (0=1) [ © pheU
24 (=1 [ O phev
25 (n=3) O Unknown
26 (n=3) [
27+ (n=5) [N Pathotypes
28 (n=4) [ # E. albertii
. 29  (n=5) _ - + contains
5.0E-4 30+ (n=19)- - . {EPEC
Je— * contains
0 100 EHEC

Figure 5. Identification of 30 LEE subtypes within 252 genomes and
characterisation of Nle-effector gene repertoire.

(a) Recombination-free phylogeny of the LEE was constructed via ClonalFrame
analysis was used to identify 30 LEE subtypes. Branch lengths defining the three
major lineages are truncated to allow resolution within lineages. True branch lengths
are shown in the full tree (inset at bottom left). Each LEE subtype is labelled with the
number of isolates of that type identified, and the frequency of three possible LEE
insertion sites (coloured according to the key shown). LEE subtypes that contain
tEPEC and EHEC isolates are highlighted. (b) Frequencies of each Nle-effector gene
in each LEE subtype are shown as a heat-map, with dark red indicating the effector
was detected in all isolates of that lineage and white indicating that the effector was

not detected in any (see inset legend).
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Figure 6. Distribution of LEE subtypes amongst 252 E. coli isolates.

The tree shows the E. coli core gene phylogeny (as in Fig. 1), collapsed into clusters
and including the E. albertii outgroup. The distribution of the 30 LEE subtypes
(calculated for 170 GEMS isolates and 82 reference genomes) are shown as
numbered boxes. Colours indicate lineage, as defined by the legend (LEE Linages),
recombination-free LEE phylogeny shown in the bottom left inset and in Figure 5.
Lineages that contain tEPEC and EHEC isolates are indicated. Numbers indicate the
predominant subtypes; bars indicate relative frequencies of subtypes within each
Clonal Group (CG) or cluster. The relative frequencies of LEE insertion sites within
each cluster are also shown, according to the legend (Insertion Site). The number of

isolates in each cluster is as indicated (n values, red bar graphs).
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