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ABSTRACT

Escherichia coli of the O157 serogroup are comprised of a diverse collection of more than 100 O157:non-H7 serotypes that are
found in the environment, animal reservoir and infected patients and some have been linked to severe outbreaks of human
disease. Among these, the enteropathogenic E. coli O157:non-H7 serotypes carry virulence factors that are hallmarks of
enterohemorrhagic E. coli, such as causing attaching and effacing lesions during human gastrointestinal tract infections.
Given the shared virulence gene pool between O157:H7 and O157:non-H7 serotypes, our objective was to examine the
prevalence of virulence traits of O157:non-H7 serotypes within and across their H-serotype and when compared to other
E. coli pathovars. We sequenced six O157:non-H7 genomes complemented by four genomes from public repositories in an
effort to determine their virulence state and genetic relatedness to the highly pathogenic enterohemorrhagic O157:H7
lineage and its ancestral O55:H7 serotype. Whole-genome-based phylogenomic analysis and molecular typing is indicative
of a non-monophyletic origin of the heterogeneous O157:non-H7 serotypes that are only distantly related to the O157:H7
serotype. The availability of multiple genomes enables robust phylogenomic placement of these strains into their
evolutionary context, and the assessment of the pathogenic potential of the O157:non-H7 strains in causing human disease.
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INTRODUCTION

The enteropathogenic Escherichia coli (EPEC) belong to the large
diarrheagenic E. coli (DAEC) pathovar (Nataro and Kaper 1998)

and are amajor cause of infantile diarrhea and the leading cause
of morbidity and mortality in infants in developing countries
(Trabulsi, Keller and Tardelli Gomes 2002; Afset, Bergh and Be-
vanger 2003; Gomes et al. 2004; Kaper, Nataro and Mobley 2004;
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Alikhani, Mirsalehian and Aslani 2006; Behiry et al. 2011). The
EPEC O157 serogroup is comprised of more than 100 O157:non-
H7 serotypes that have been isolated from different sources in-
cluding animal reservoirs and infected patients (Stephan et al.
2004; Wani et al. 2006; Feng et al. 2010); additionally, some of the
O157:non-H7 strains have been associatedwith outbreaks of hu-
man disease (Makino et al. 1999; Yatsuyanagi et al. 2002; Feng
et al. 2010). An array of virulence determinants have been iden-
tified in O157:non-H7 strains that are also present in enterohe-
morrhagic E. coli (EHEC) strains, including the highly pathogenic
O157:H7 serotype (Caprioli et al. 2005; Eppinger et al. 2011a,b;
Sadiq et al. 2014). One virulence feature of O157:non-H7 strains
shared with O157:H7 is the locus for enterocyte effacement
(LEE) pathogenicity-associated island (PAI), which mediates the
formation of attaching and effacing lesions (A/E) during colo-
nization of the gastrointestinal (GI) tract (Jerse, Gicquelais and
Kaper 1991; Phillips and Frankel 2000; Blanco et al. 2006; Coburn,
Sekirov and Finlay 2007). The EPEC serotypes are distinguished
from Shiga toxin-producing E. coli (STEC), such as EHEC O157:H7,
by the lack of stx-encoding bacteriophages (stx1 and/or stx2)
(Cornick et al. 2000; Eklund, Leino and Siitonen 2002). The EPEC
serotypes can be further classified into typical (tEPEC) and atyp-
ical EPEC (aEPEC) strains by the presence or absence of the
enteropathogenic adherence factor (EAF) plasmid-borne bfpA
gene, which encodes bundlin, a major structural subunit of the
bundle-forming pilus (BFP), used by tEPEC for aggregation and
bundle formation during colonization (Blank et al. 2000). The
production of BFP protein leads to localized adherence and in-
duction of host epithelium cell death (Melo et al. 2005). Another
virulence determinant of tEPEC is the EAF plasmid-encoded reg-
ulator, perA, which is involved in autoaggregation and elevated
expression of BFP, intimin and Tir proteins during infection
(Okeke et al. 2001; Iida et al. 2010).

The aimof this studywas to elucidate the genomic character-
istics and plasticity among the different O157:non-H7 serotypes
through comparative genomics of six in-house sequenced and
four publicly available O157:non-H7 strains as well as a selection
of O157:H7, O157:H(-)and O55:H7 strains sequenced in this study
or retrieved from public repositories. Comparative genome anal-
ysis within each H-serogroup, between different H-serogroups,
as well as when compared to other aEPEC (O55:H7) and EHEC
(O157:H7/H-) pathovar strains, identified common and unique
traits in the pathogenome evolution of O157:non-H7 strains
with respect to the aforementioned serotypes. Here we observed
that while EHEC O157:H7 and O157:H(-) share certain virulence
characteristics with O157:non-H7 serotypes, whole-genome se-
quence typing approaches, including multilocus sequence typ-
ing (MLST) or eae-genotyping, could not establish close genetic
relatedness of these O157:non-H7 lineages with EHEC or other
EPEC serotypes. These findings are critical in developing a re-
fined phylogenomic framework and assessment for pathogenic
potential of the extant O157:non-H7 strains, which are non-
monophyletic.

METHODS
Escherichia coli strains used in this study

To capture the genomic plasticity of the O157:non-H7 serotypes,
we selected 10 epidemiologically diverse O157:non-H7 strains
that were isolated from water, infected patients and pro-
cessed meat (Table 1) (Feng et al. 2010; Hazen et al. 2013a;
Svab et al. 2013). Strains of the O55:H7, O157:H(-) and O157:H7
serotypes were included to study their genetic relatedness to

the O157:non-H7 serotypes (Table S1, Supporting Information)
(Hayashi et al. 2001; Perna et al. 2001; Eppinger et al. 2011b; Rump
et al. 2011; Hazen et al. 2012; Kyle et al. 2012). Representative
O157:H7 strains for each of the nine phylogenetic clades (Man-
ning et al. 2008) were used as reference to determine the rela-
tionship of O157:non-H7 to the extant O157:H7 strains.

Whole-genome sequencing and phylogeny

To study the phylogenetic relatedness of diverse O157:non-
H7 strains to other E. coli pathotypes, we have sequenced the
genomes of 14 E. coli strains of which six belong to O157:non-
H7, one to O55:H7, four to O157:H7 and three to O157:H(-) (Ta-
ble S1, Supporting Information). Genomes were subjected to Il-
lumina sequencing using paired-end libraries with 300-bp in-
serts on the HiSeq2000 platform. Draft genomes were assem-
bled using Velvet assembler (Zerbino and Birney 2008; Zerbino
2010), and annotated with the IGS Annotation Engine and Man-
atee for structural and functional genome annotation (Galens
et al. 2011). Accession numbers are listed in Table S1 (Support-
ing Information). Bacterial genomes were aligned using Mugsy
(Angiuoli and Salzberg 2011), and the phylogenetic tree was
constructed using the maximum-likelihood method in RAxML
v8.1 (-f an option) with 100 bootstraps (Stamatakis 2014), and
the evolutionary relationship hypothesis was visualized using
EvolView (Zhang et al. 2012). For strains G5101 (SRX702352), 493–
89 (SRX702359), USDA5905 (SRX702362) and H2687 (SRX702361),
the original reads deposited by Rump et al. were retrieved from
the short reads archives (SRA) and de novo assembled with
Geneious assembler v.7.1.7, (Kearse et al. 2012). Assembled con-
tigs were queried for the presence of stx1 and stx2 genes using
VirulenceFinder 1.2 (Joensen et al. 2014).

Molecular genotyping and subtyping

We examined the status of the β-glucuronidase enzyme in sil-
ico for β-glucuronidase activity (GUD) using BLASTN focusing on
position +93 uidA gene (T:G allele) (Altschul et al. 1990; Martins
et al. 1993) and functionally examined (when applicable) the abil-
ity to ferment sorbitol (SOR) on Sorbitol MacConkey agar (Ox-
oid, UK) (Farmer and Davis 1985). The eae, perA and bfpA positive
O157:non-H7 strains were further subtyped into designated al-
lele profiles (Adu-Bobie et al. 1998; Blank et al. 2000; Blanco et al.
2006; Lacher et al. 2007; Contreras et al. 2010). TheAchtmanMLST
scheme (Wirth et al. 2006) was used for in silico polymorphism
profiling of E. coli based on seven housekeeping genes.

RESULTS AND DISCUSSION

The O157:non-H7 strains selected for this study originated from
diverse geographical locations and different ecological niches,
such as human patients, processed meat, and water (Table
S1, Supporting Information). Whole-genome screening of the
virulence state and molecular subtyping of known EPEC- and
EHEC-associated virulence factors revealed a highly diverse
and heterogeneous genomic makeup among the O157:non-H7
serogroups studied (Table 1). Furthermore, the phylogenetic
relationship of these O157:non-H7 serotypes to other well-
studied pathogenic serotypes, such as EPEC (O55:H7) and EHEC
(O157:H7/H(-)), was analyzed (Fig. S1, Supporting Information).
Availability of high-quality whole-genome sequences enables
the determination of the virulence gene state and phylogenomic
grouping according to established genotypic classificationmeth-
ods using both in silico and experimental assays (Farmer and
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Table 1. Genomic characteristics of EPEC O157:non-H7 strains.

Strain Serotype Source Origin EPEC MLSTa) GUD SOR eae tir bfpA perA

ARS4.2123 O157:H16 Water USA T 79 + + +(ε) + +(β1) +(β2)
RN587/1 O157:H8 Human Brazil T 725 + ND +(α) + +(β6) +(β2)
C844–97 O157:H45 Human Japan A 725 + ND +(α) + − −
C639–08 O157:H45 Human Denmark A 725 + ND +(α) + − −
TW00353 O157:H45 Human USA A 2 + + +(ε) + − −
TW15901 O157:H16 Meat France A 10 + + +(ε) + − −
N1 O157:H29 Meat Unknown NA 2 + + − − − −
T22 O157:H43 Human Hungary NA 155 + ND − − − −
3006 O157:H16 Human USA NA 6 + − − − − −
7798 O157:H39 Human Argentina A 2 + − +(κ/δ) + − −

O157:non-H7 strains were genotyped for prevalence and plasticity in established EHEC- and EPEC-associated phylogenetic and virulence markers (Farmer and Davis

1985; Adu-Bobie et al. 1998; Blank et al. 2000; Okeke et al. 2001; Yoshitomi et al. 2003; Contreras et al. 2010). MLSTa), Achtman ST7 MLST approach (Wirth et al. 2006); NA,
Not applicable; SOR, sorbitol fermentation; GUD, β-glucourinidase activity; T, typical EPEC; A, atypical EPEC; ND, No data available.

Davis 1985; Yoshitomi, Jinneman and Weagant 2003; Wirth et al.
2006; Manning et al. 2008; Contreras et al. 2010).

Whole-genome phylogeny

The phylogenetic tree confirmed the ancestral status of aEPEC
O55:H7 to EHEC serotypes (O157:H7 and O157:H(-)) and exhib-
ited a more distant relationship to the cluster of O157:non-H7
serotypes (Fig. S1, Supporting Information) (Trabulsi, Keller and
Tardelli Gomes 2002; Zhou et al. 2010; Eppinger et al. 2011b; Kyle
et al. 2012). In agreement with a limited loci-based study by Feng
et al. (2010), our whole-genome analysis demonstrated that the
O157:non-H7 serotypes are not as closely related to the aEPEC
O55:H7 when compared to the descendant EHEC O157:H7 and
O157:H(-) serotypes (Feng et al. 2010; Zhou et al. 2010; Kyle et al.
2012). In contrast to the genetically highly homogenous popula-
tion structure of EHEC O157:H7 and O157:H(-) serotypes (Man-
ning et al. 2008; Eppinger et al. 2011b), whole-genome analy-
sis revealed a heterogeneous genome composition among the
O157:non-H7 group of serotypes featuring the sameH-serogroup
(e.g. O157:H16) (Yatsuyanagi et al. 2002; Feng et al. 2010; Bugarel
et al. 2011; Eppinger et al. 2011b). As evident in the tree topol-
ogy (Figs 1 and S1, Supporting Information), the clustering of
the different O157:non-H7 strains did not correlate with the H-
serotype, as exemplified by the O157:H16 and O157:H45 strains
that are scattered within the O157:non-H7 cluster (Fig. 1).

Using EPEC-associated traits and molecular genotyping, we
identified two O157:non-H7 strains as tEPEC (perA/bfpA positive),
and the remaining eight strains were classified as aEPEC strains
(Table 1). Seven of the studied O157:non-H7 strains were positive
for the α, ß or ε eae allele, but none carried the eae- γallele, which
is commonly associated with the EHEC O157:H7 serotype (Feng
et al. 2010) (Table 1). Overall, these O157:non-H7 strains showed
a high degree of variability in their virulence gene complement,
which is consistent with the findings reported for other EPEC
serotypes (Gomes et al. 2004; Hazen et al. 2013b). As shown in
Table 1, seven of the O157:non-H7 strains exhibited an array of
EPEC- and/or EHEC-associated virulence determinants with the
notable exception of strains N1 (O157:H29), T22 (O157:H43) and
3006 (O157:H16), which lacked these loci and were not classi-
fied as tEPEC or aEPEC utilizing the currently established typing
schemes (Adu-Bobie et al. 1998; Nataro and Kaper 1998; Blank
et al. 2000; Okeke et al. 2001; Dulguer et al. 2003; Contreras et al.
2010), butmight originate froman STEC that lost its stx-encoding
bacteriophage. Since one of these strainswas isolated fromahu-
man case with GI symptoms, its pathogenic potential was likely
due to carriage of other virulence loci or the result of a coinfec-

tionwith other pathogenic E. coli strains (Dulguer et al. 2003). The
observed combination of virulence determinants likely occurred
due to lateral acquisition and cotransfer of genes packaged in
virulence plasmids (e.g. EAF-encoded perA and bfpA) (Jerse, Gic-
quelais and Kaper 1991; Iida et al. 2010) or PAI (e.g. LEE-encoded
eae/tir) (Bono et al. 2007; Flockhart et al. 2012). Overall, the diver-
sity observed in these O157:non-H7 genomes can be considered
significant.

MLST and phylogenetic placement

The genetically homogenous nature of the E. coli O157:H7
serotype was evidenced by a common Achtman MLST profile of
sequence type 11 (ST11) (Wirth et al. 2006; Eppinger et al. 2011b).
The non-motile O157:H(-) subgroup (clades 9 and 7) showed the
same MLST profile with the exception of strain H2687 (ST587)
(Fig. 1). All analyzed non-motile O157:H(-) strains belong to clade
9 and are phylogenetically clustered with the notable excep-
tion of the clade 7 strain TW14301 (Fig. 1). We screened for al-
terations in mobility loci (flhC, flhD or fliC) that have been pre-
viously associated with non-motile O157:H(-) strains (Dobbin
et al. 2006). Clade 9 O157:H(-) strains exhibit a 12-bp deletion
in flhC, consistent with previous findings (Monday, Minnich and
Feng 2004), while TW14301 carried the wild-type form of the
respective motility genes. Our findings point to loss of motil-
ity through independent events in EHEC evolution in the non-
motile O157:H(-) serotype (Wang et al. 2003; Dobbin et al. 2006;
Kyle et al. 2012). MLST profiling of O55:H7 strains revealed two
distinct MLST patterns of ST11 and ST335 (Wirth et al. 2006)
based on the Achtman MLST scheme. As shown in Fig. 1, we
found instanceswhereMLST profiles of the O157:non-H7 did not
corroborate with the corresponding phylogenomic placement.
The MLST profile of O157:non-H7 strains (Wirth et al. 2006) was
inconclusive in delineating their evolutionary relationshipwhen
compared to the whole-genome-based phylogenomic hypoth-
esis (Fig. 1). For example, strains N1 (O157:H29) and TW00353
(O157:H45) or RN587/1 (O157:H8) and C844-97 (O157:H45) feature
identical MLST profiles, yet differ in their H-serotype and/or eae-
/bfpA-genotype pattern (Table 1), as well as their placement de-
lineated in the evolutionary tree (Fig. S1, Supporting Informa-
tion).

Carriage of stx-encoding bacteriophages

All analyzed O157:non-H7 strains lack the stx-encoding bac-
teriophages (stx1 and stx2), which is a virulence hallmark of
STEC/EHEC strains (Fig. 1). For some of the strains, the presence
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Figure 1.Whole-genome-based phylogeny of O157:non-H7 EPEC strains and select EPEC and EHEC strains. The tree topology demonstrates that O157:non-H7 serogroups
form a heterogeneous and non-monophyletic group, as evident from the phylogenetic placement of strains belonging to the same H-serogroup (e.g. H16 and H45).

Inferred MLST profiles do not agree with the phylogenetic placement delineated from whole genome alignment. Our data confirm that O157:non-H7 strains are not
closely related to the EHEC O157:H7/H(-) lineage or its ancestral aEPEC O55:H7 serotype. For phylogenetic and evolutionary distances, refer to Fig. S1 (Supporting
Information).

of stx1 and stx2 genes had to be assessed from a de novo assem-
bly from the SRA files, as the published contigs were stx nega-
tive. However, among the O55:H7 strains we identified two stx2-
positive strains, 5905 and USDA5905, which carried a lambda-
like stx2d-encoding bacteriophage at the yecE locus. This phage
is closely related to the enterobacteria phage BP-4795 found in
the EHEC strain RM13516 of the O145:H28 serotype (De Schrijver
et al. 2008; Buvens et al. 2011). This particular serotype is related
to serotypes O157 and O55 (EHEC1/EPEC1 lineage) (Cooper et al.
2014). We note here that several strains of the O55:H7 serotype

have been reported as stx-positive (Feng et al. 1998a,b; Kyle et al.
2012); however, to determine the distinct evolutionary relation-
ship of stx-positive O55:H7 strains compared to EHEC O157:H7
and O157:H(-) serotypes, further phylogenetic studies on larger
genomic data sets are needed.

Metabolism

All of the EPEC O157:non-H7 and O55:H7 strains carried the
T allele at position +93 uidA and were functionally GUD
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positive, while all of the O157:H7 and O157:H(-) serotypes car-
ried the G allele and lacked GUD metabolic activity. In analogy
to a subset of O157:H7 strains, two of the O157:non-H7 strains
(e.g. 3006 and 7798) also did not have the ability to ferment sor-
bitol (Table 1) (Kyle et al. 2012). Although these two metabolic
features are closely associated with the highly pathogenic EHEC
O157:H7 lineage, while basal EHEC and ancestral O55:H7 strains
are GUD/SOR positive, there are atypical strains of O157:H7 that
are GUD positive and the O157:H(-) group is positive for both sor-
bitol and GUD (Feng et al. 2007).

CONCLUSIONS

The availability of high-quality annotated draft genome se-
quences for EPEC O157:non-H7 strains provides a critical re-
source in further understanding the pathogenome evolution
and relatedness among different E. coli pathotypes (Dugan et al.
2014; Franz et al. 2014). Our analysis revealed the heteroge-
neous nature of O157:non-H7 serotypes by studying their ge-
nomic inventory and plasticity in the core genome and later-
ally acquired regions. Overall, the genotypic data for majority
of the O157:non-H7 strains we studied (Table 1) did not cor-
roborate with the phylogenomic clustering, as delineated from
the whole-genome analysis (Fig. 1), and as suggested by previ-
ous publications (Steyert et al. 2012; Hazen et al. 2013b). Even
among the same H-serotype strains (e.g. H45 or H16), we ob-
served a non-monophyletic origin that accounts for their di-
verse genomic content (Fig. 1). Contrary to previous reports of
a close relationship of aEPEC and STEC strains in terms of ge-
netic characteristics (Trabulsi, Keller and Tardelli Gomes 2002),
we observed a more distant evolutionary relationship between
the different tEPEC and aEPEC O157:non-H7 serotypes and the
EHECO157:H7 serotype, as compared to the EPECO55:H7 (Fig. S1,
Supporting Information). In general, aEPEC strains are reported
to carry a more heterogeneous virulence profile in comparison
to tEPEC strains, and their degree of pathogenicity in the absence
of the EAF plasmid remains more elusive (Levine et al. 1978; Tra-
bulsi, Keller and Tardelli Gomes 2002). Here we report that even
strains within the same aEPEC O157:non-H7 serotype remain
genotypically distinct, and that the reported variability could be
attributed to polymorphisms within MLST and established viru-
lence markers. On the other hand, the aEPEC O55:H7 exhibits a
more homogenous genotype with few exceptions (Fig. 1), which
highlights the degree of diversity found within and among dif-
ferent EPEC serotypes. Further studies are needed to elucidate
the evolutionary origin and emergence of EPEC O157:non-H7,
which appear to be only distantly related to aEPEC O55:H7 and
the highly pathogenic EHEC O157:H7 and H(-) serotypes.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSPD online.
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