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The empirical and pragmatic nature of diagnostic microbiology has given rise to several

different schemes to subtype E.coli, including biotyping, serotyping, and pathotyping.

These schemes have proved invaluable in identifying and tracking outbreaks, and for

prognostication in individual cases of infection, but they are imprecise and potentially

misleading due to the malleability and continuous evolution of E. coli. Whole genome

sequencing can be used to accurately determine E. coli subtypes that are based on

allelic variation or differences in gene content, such as serotyping and pathotyping. Whole

genome sequencing also provides information about single nucleotide polymorphisms in

the core genome of E. coli, which form the basis of sequence typing, and is more reliable

than other systems for tracking the evolution and spread of individual strains. A typing

scheme for E. coli based on genome sequences that includes elements of both the core

and accessory genomes, should reduce typing anomalies and promote understanding

of how different varieties of E. coli spread and cause disease. Such a scheme could also

define pathotypes more precisely than current methods.
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Escherichia coli is the most comprehensively studied bacterium on earth. Because it is relatively
easy to manipulate genetically, it has become a popular laboratory workhorse. Its natural habitat,
however, is the intestinal tract of humans and other mammals. For this reason it is used in public
health as an indicator of faecal contamination of water and other consumables.

Despite its ubiquity as a commensal, E. coli is also an important pathogen of humans and
domestic animals. It can become established and cause disease in tissues other than the intestinal
tract. These so-called extraintestinal pathogenic E. coli (ExPEC) are important causes of wound
infection, urinary tract infection, peritonitis, pneumonia, meningitis, and septicaemia. The ExPEC
group includes named subtypes, such as uropathogenic E. coli (UPEC), neonatal meningitis-
associated E. coli (NMEC), and sepsis-associated E. coli (SEPEC) (Pitout, 2012; Leimbach et al.,
2013).

Infections caused by ExPEC are usually opportunistic, i.e., they occur most often in hosts
who are compromised in some way, such as by having a dysfunctional urinary tract or systemic
immunocompromise due to neutropenia or extremes of age. Nevertheless, some ExPEC strains are
better equipped to cause extraintestinal infections than others due to factors that facilitate their
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ability to colonise tissues. These include type I fimbriae,
pyelonephritis-associated pili (PAP), and AfA/Dr adhesins in
the case of UPEC, or the K1 polysaccharide capsule, which
allows NMEC and SEPEC to evade complement-mediated killing
(Pitout, 2012; Leimbach et al., 2013).

The pathotypes of E. coli that are associated with intestinal
disease are known collectively as intestinal pathogenic E. coli
(IPEC) or diarrheagenic E. coli (DEC)—although not all of
the subtypes in this group necessarily cause diarrhoea. The
individual pathotypes of DEC include enteropathogenic E. coli
(EPEC), enteroinvasive E. coli (EIEC), enterotoxigenic E. coli
(ETEC), enterohemorrhagic E. coli (EHEC), enteroaggregative E.
coli (EAEC), diffusely-adherent E. coli (DAEC), and adherent-
invasive E. coli (AIEC) (Nataro and Kaper, 1998; Kaper et al.,
2004; Croxen et al., 2013). In addition, the entire genus Shigella
is a DEC pathotype, which closely resembles EIEC in terms
of virulence attributes and pathogenicity, but is distinguishable
from other strains of E. coli by virtue of its biochemical activity
(Lan et al., 2004). Accordingly, shigellae can be regarded as
members of the EIEC pathotype.

Each DEC pathotype represents a collection of strains that
possess similar virulence factors to each other and cause similar
diseases with similar pathology. Unlike ExPEC, where there are
no specific virulence determinants that exclusively define each
subtype, most DEC pathotypes are defined by the possession
of one or more pathotype-specific virulence markers, and
sometimes by the absence of others. Several of the defining
markers of DEC pathotypes are proven virulence determinants
of that pathotype, but for EAEC, DAEC, and AIEC the role of
these markers in virulence is not proven (Table 1).

DEC PATHOTYPES

In this section, we provide a brief overview of DEC pathotypes
with an emphasis on their defining characteristics and key
virulence determinants (where known). We also point out some
important gaps in the understanding of certain pathotypes.
For more detailed information on DEC in general, readers are
referred to reviews by Nataro and Kaper (1998), Kaper et al.
(2004), Clements et al. (2012), and Croxen et al. (2013). In the
bibliography, we have also included references to review articles
dealing with individual DEC pathotypes.

Enteropathogenic E. coli (EPEC)
EPEC was the first pathotype of DEC to be discovered, and is an
important cause of diarrhoea and premature death in children,
especially in developing countries (Robins-Browne, 1987). As
a group, EPEC is characterised by the presence of the locus
of enterocyte effacement (LEE) pathogenicity island (McDaniel
and Kaper, 1997; Robins-Browne and Hartland, 2002; Croxen
et al., 2013). This∼40-kbp island encodes (i) an outer membrane
adhesive protein, known as intimin that is encoded by the
eae gene, (ii) a type 3 protein secretory system, (iii) several
type 3-secreted effectors, including the Tir protein which is the
translocated receptor for intimin (Kenny et al., 1997).

Expression of the LEE is associated with distinctive attaching-
effacing lesions in the intestinal epithelium which characterise

EPEC pathology (Moon et al., 1983; Tzipori et al., 1985). Almost
all genes within the LEE are required for the production of
these lesions, and studies in adult volunteers have demonstrated
that intimin and EspB, a key component of the type 3
secretion system, are essential virulence determinants of EPEC
(Donnenberg et al., 1993; Tacket et al., 2000). An accessory
virulence determinant, which EPEC also requires for virulence
in humans, is the bundle-forming pilus (BFP) (Girón et al., 1991;
Bieber et al., 1998). Some human isolates of EPEC naturally lack
BFP, but may cause disease (Trabulsi et al., 2002; Nguyen et al.,
2006). These strains, known as atypical EPEC are associated with
persistent diarrhoea in children (Nguyen et al., 2006). Atypical
EPEC are genetically diverse and appear to vary in virulence
(Tennant et al., 2009; Ingle et al., 2016a).

Enterohemorrhagic E. coli (EHEC)
EHEC first came to attention as the cause of two outbreaks
of haemorrhagic colitis (HC) in the USA during 1982 (Riley
et al., 1983). The defining virulence determinant of EHEC
is the phage-encoded Shiga toxin (also known as Verotoxin),
of which there are several varieties (O’Loughlin and Robins-
Browne, 2001; Melton-Celsa et al., 2012). Although volunteer
studies with EHEC are prohibited for ethical reasons, vast
quantities of epidemiological data leave no doubt that Shiga toxin
is responsible for the life-threatening manifestations of EHEC
infections, namely, HC and the haemolytic uraemic syndrome
(HUS). Evidence supporting a role for Shiga toxin in these
conditions include the observation that infections with other
bacteria which produce Shiga toxin, such as Shigella dysenteriae
serotype 1 and occasional strains of EAEC, may also cause HC
and HUS (Rohde et al., 2011; Walker et al., 2012).

Not all strains of Shiga toxin-producing E. coli (STEC or
VTEC) cause HC or HUS, and the term “EHEC” is generally
reserved for those that do. Thus, although all EHEC are STEC,
not all STEC are EHEC. The properties that distinguish EHEC
from those STEC that do not cause HC or HUS are accessory
virulence factors which allow the bacteria to adhere to the
intestinal epithelium, such as the LEE pathogenicity island in so-
called “typical EHEC” or a number of other adhesins that are
present in LEE-positive and/or LEE-negative strains (reviewed in
McWilliams and Torres, 2014).

Typical EHEC strains of serotype O157:H7 also generally
carry a virulence-associated plasmid, known as pO157, which
encodes a number of putative virulence determinants (Burland
et al., 1998). Related plasmids occur in EHEC of other
serogroups, including O26, O103, O111, and O145 (Ogura
et al., 2009). One of the virulence-associated factors encoded
by these plasmids is a serum-sensitive haemolysin, known
as EHEC haemolysin or enterohaemolysin. Many EHEC
isolates produce this protein, including some that carry
plasmids only distantly related to pO157 (Beutin et al., 1989).
Accordingly, the production of enterohaemolysin can be used as
a diagnostic marker of EHEC (Feldsine et al., 2016). Interestingly,
enterohaemolysin is also produced by some LEE-positive, Shiga
toxin-negative strains of E. coli obtained from cattle and sheep
(Cookson et al., 2007). This observation provides evidence of
the evolutionary relationship between atypical EPEC and EHEC,
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TABLE 1 | Virulence-associated markers of diarrheagenic E. coli from humans.

Pathotype Defining marker Essential virulence

determinant(s)

Location of essential

virulence determinant(s)

Major diagnostic

target(s) for PCR

Other diagnostic

target(s)

EPEC LEE PAI LEE PAI Pathogenicity island eae bfpAa

EIEC/Shigella pINV pINV Plasmid ipaH Other ipa genes

ETEC ST or LT ST and/or LT plus colonisation

factors

Plasmid; transposon elt, est

EHEC Shiga toxin Shiga toxin 1 and/or 2 Prophages stx1, stx2 eaea, ehxAa

EAEC pAA; aggregative adhesion Not known Plasmid (probably); possibly

others

aggR, aatA, aaiC

DAEC Afa/Dr adhesins Not known Not known Afa/Dr adhesinsb

AIEC Adherent-invasive phenotype Not known Not known none none

aaiC, gene for a secreted protein of enteroaggregative E. coli; aatA, gene for a transporter protein of enteroaggregative E. coli; Afa, afimbrial adhesin; aggR, gene for a transcriptional

regulator; AIEC, adherent-invasive E. coli; bfpA, gene for a structural protein of bundle-forming pili; DAEC, diffusely-adherent E. coli; EAEC, enteroaggregative E. coli; EIEC, enteroinvasive

E. coli; elt, gene for heat-labile enterotoxin; EPEC, enteropathogenic E. coli; est, gene for heat-stable enterotoxin; ETEC, enterotoxigenic E. coli; ipaH, gene for a type 3-secreted effector

protein of enteroinvasive E. coli and Shigella; LEE PAI, locus of enterocyte effacement pathogenicity island; LT, heat-labile enterotoxin; pAA, virulence plasmid of enteroaggregative E.

coli; pINV, virulence plasmid of enteroinvasive E. coli and Shigella; ST, heat-stable enterotoxin.
aNot present in all strains.
bThese are under review following concerns about specificity.

which is also evident from the high degree of relatedness between
atypical EPEC strains of serotype O55:H7 and EHEC O157:H7
(Feng et al., 1998).

Enterotoxigenic E. coli (ETEC)
ETEC is a leading cause of diarrhoea in children in developing
countries and in travellers to these countries (Qadri et al., 2005;
Lanata et al., 2013). ETEC is also an important cause of diarrhoea
in domestic animals, notably calves and piglets, where ETEC-
induced diarrhoea is of considerable economic importance (Nagy
and Fekete, 1999; Fairbrother et al., 2005).

As the name suggests, the ETEC pathotype is defined by the
capacity of the bacteria to produce one or more enterotoxins. In
ETEC the specific enterotoxins are the heat-labile and heat-stable
enterotoxins (LT and ST) and their various subtypes (Qadri et al.,
2005). The two major subtypes of ST are STa (also known as STI)
and Stb (STII), of which only STa is important in humans (Qadri
et al., 2005; Taxt et al., 2010). Most ETEC strains isolated from
humans with diarrhoea produce STa, often together with LT. The
role of each of these toxins in disease has been established in
volunteer studies (Levine et al., 1977, 1979).

Both ST and LT exert their maximum impact on water and
electrolyte transport in the small intestine. In order to deliver
these toxins to the small intestinal epithelium, ETEC need
to attach to epithelial cells, which they achieve by means of
specific colonisation factors (Qadri et al., 2005; Madhavan and
Sakellaris, 2015). These factors are highly variable structurally
and antigenically, and also differ between isolates from humans
and animals. In several instances, the role of colonisation factors
as accessory virulence determinants has been demonstrated
experimentally (Qadri et al., 2005; Madhavan and Sakellaris,
2015).

Enteroinvasive E. coli (EIEC)
EIEC are closely related to Shigella, especially in terms of
the disease they cause, i.e., bacillary dysentery, and their key

virulence determinant: a plasmid known as pINV. This plasmid
encodes a type 3 secretion system and a number of effectors that
allow shigellae/EIEC to penetrate epithelial cells, move within
these cells and invade neighbouring cells (Marteyn et al., 2012).
Both shigellae and EIEC carry several other putative virulence
determinants including adhesins and secreted toxins, but pINV,
which appears to be restricted to these bacteria, is the key to their
virulence (Marteyn et al., 2012; Croxen et al., 2013).

EIEC and shigellae exemplify the changes that E. coli can
make to adjust to a pathogenic lifestyle (Day et al., 2001). Thus,
by acquiring pINV, and other genetic elements that allow the
bacteria to adopt an intracellular lifestyle, the capacity of E. coli
to live inside cells is continuously enhanced by the deletion or
inactivation of genes that are inimical to this lifestyle (Day et al.,
2001; Feng et al., 2011; Prosseda et al., 2012). Examples of such
genes include some that encode anti-virulence factors, such as
nadA, nadB, and ompT, and those for metabolic pathways such
as lysine decarboxylation, the end products of which restrict
intracellular growth (Day et al., 2001; Prunier et al., 2007).
Moreover, since flagella are not required for colonisation of the
large intestine or for motility within cells, all shigellae and many
strains of EIEC are non-motile. The capacity of E. coli to adapt to
new environments in this way provides fascinating insights into
the extraordinary versatility of this species as a pathogen.

Enteroaggregative E. coli (EAEC)
This relatively recently discovered E. coli pathotype is mainly
associated with paediatric diarrhoea in developing countries, but
has also been linked to diarrhoea in adults, including travellers
(Okeke and Nataro, 2001; Harrington et al., 2006). EAEC was
originally identified by its characteristic “stacked-brick” pattern
of adherence to tissue culture cells in vitro (Nataro et al.,
1987; Figure 1). This phenotype is attributable to one of several
different hydrophobic aggregative fimbriae, known as AAF/I,
AAF/II, AAF/III, and AAF/IV, encoded by pAA or similar
plasmids. Other putative virulence factors of EAEC include (i)
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FIGURE 1 | Light micrographs showing the distinctive patterns of

adherence of enteroaggregative E. coli (left) and diffusely-adherent E.

coli (right) to cultured epithelial cells (adapted from Nataro et al., 1987).

These patterns were responsible for the names of these pathotypes and were

originally used to identify them in vitro.

a pAA-encoded cytotoxin (Pet), (ii) a pAA-encoded heat-stable
enterotoxin, known as enteroaggregative stable toxin (EAST-1)
that is related to STa of ETEC, but not restricted to EAEC, and
(iii) ShET1, a putative enterotoxin that is also found in Shigella
flexneri (Okeke and Nataro, 2001; Croxen et al., 2013). Although
the pathogenicity of EAEC is evident from foodborne outbreaks
in several countries and infection studies of volunteers (Nataro
et al., 1995; Harrington et al., 2006), the contribution of these
and other putative virulence-associated determinants of EAEC is
not known (Harrington et al., 2006; Croxen et al., 2013). As with
atypical EPEC, EAEC are genetically diverse with the likelihood
that some types are more virulent than others (Boisen et al., 2012;
Zhang et al., 2016).

In 2011, a Shiga toxin-producing derivative of an EAEC strain
of serotype O104:H4, shot to prominence by causing a major
foodborne outbreak of diarrhoea and HUS in Germany, with
serious outcomes for human health and the international food
trade (Buchholz et al., 2011; Rohde et al., 2011).

Few studies of diarrhoea today use the aggregative adherence
phenotype to identify EAEC. Instead most investigators target
the pAA-borne genes, aatA and aggR (that encode a transporter
of a virulence protein and a virulence regulator, respectively), or
the chromosomally-encoded aaiC gene which is also associated
with virulence (Table 1; Panchalingam et al., 2012). Although
PCR-based identification of EAEC is convenient, the presence
or absence of these genes does not necessarily concur with the
aggregative phenotype, nor is it known whether this phenotype
or the presence of aatA, aggR and/or aaiC is the more reliable
predictor of virulence (Weintraub, 2007; Croxen et al., 2013).
This issue is not trivial, because until it is resolved we will lack
a clear definition of what really constitutes EAEC.

Diffusely-Adherent E. coli (DAEC)
As with EAEC, DAEC were originally identified by their
distinctive pattern of adherence to tissue culture cells (Scaletsky

et al., 1984; Nataro et al., 1985, 1987; Figure 1). The first
determinant of diffuse adherence to be identified was an
autotransporter protein, known as AIDA-I, for the Adhesin
Involved in Diffuse Adherence (Benz and Schmidt, 1992).
E. coli strains that express AIDA-1, however, generally carry
other virulence determinants, such as STb, making them ETEC
(Dubreuil, 2010), or the LEE pathogenicity island, making them
EPEC (Servin, 2005, 2014; Table 1). Accordingly, few of these
strains are considered DAEC, despite their phenotype.

AIDA-I-negative DAEC strains typcially express Afa/Dr
adhesins and cause urinary tract infections, placing them in
the UPEC subgroup of ExPEC. Although E. coli that express
afimbrial adhesins (Afa) and Dr fimbriae have been associated
with diarrhoea in children, the specificity of the probes and PCR
primers that were used to detect and identify these bacteria is
questionable, in that they may also react with EAEC and some
other types of E. coli (Servin, 2014). This, and the fact that two
prototypical DAEC strains failed to cause diarrhoea in volunteers
who ingested up to 1010 colony-forming units, casts doubt on
the role of DAEC in diarrhoea, notwithstanding considerable
evidence of the deleterious effects of these bacteria on intestinal
epithelial cells in vitro (reviewed in Servin, 2014).

Adherent-Invasive E. coli (AIEC)
AIEC are unusual amongst DEC pathotypes in that they are not
associated with diarrhoea. Instead they are thought to contribute
to the development of Crohn’s disease, which is a chronic
inflammatory bowel disease. The aetiology of Crohn’s disease is
uncertain, but is likely to involve both host and environmental
factors (Alhagamhmad et al., 2016). AIEC strains are discernible
from other varieties of E. coli, including commensals, by virtue
of their ability to adhere to and invade epithelial cells and to
replicate within macrophages (Martinez-Medina et al., 2009).
Analysis of whole genome sequences of several AIEC isolates,
however, has shown that the AIEC phenotype may not be due
to one or more specific virulence determinants (O’Brien et al.,
2016), suggesting that the distinctive phenotype of these bacteria
may result from metabolic processes that enhances growth in
tissues affected by Crohn’s disease. Thus, although AIEC are
recovered more commonly from patients with Crohn’s disease
than from healthy people, it is unclear whether these bacteria
contribute to the pathogenesis of Crohn’s disease or are merely
adapted to or enriched in intestinal tissue affected by this disease.

E. COLI GENOMICS

The first complete genome sequence of an E. coli strain (E. coli
K-12) was published in 1997 (Blattner et al., 1997). Since then
many thousands of E. coli isolates from a wide range of sources
have also been sequenced, although most of these genomes have
not been fully assembled into a finished and complete genome
sequence. Nevertheless, from the available data we can glean
that the size of the E. coli genome (which includes plasmids
and prophage) ranges from approximately 4.6 million base pairs
(Mbp) to around 5.9 Mbp—a difference of more than 1.3Mbp.

Each individual E. coli strain carries between 4200 and 5500
genes. As more E. coli strains are sequenced the core genome

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 November 2016 | Volume 6 | Article 141

http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Robins-Browne et al. E. coli Pathotypes

(i.e., the backbone of chromosomal genes that are present in
every E. coli strain) shrinks. The size of the core genome
currently stands at fewer than 1500 genes and will to continue
to diminish, albeit slowly, as more strains are sequenced. Genes
that are not part of the core are referred to as the accessory
genome. These include all of the genes that encode bacteriophage
elements, virulence determinants and acquired resistance to
antimicrobials. The E. coli pangenome—the total number of
unique genes that have been identified in E. coli—comprises more
than 22,000 and will continue to increase as more strains are
sequenced.

All of the genes for E. coli virulence determinants were
most likely acquired by horizontal gene transfer from other
bacteria via plasmids, bacteriophages, pathogenicity islands, and
transposons (Leimbach et al., 2013; Table 1). Thus, every E. coli
strain comprises a mosaic of core and accessory genes, with
almost all of the latter, including the virulence determinants of
DEC, being transmissible between strains. For these reasons, it is
inevitable that new pathotypes of DEC will continue to emerge,
either through novel assemblies of E. coli virulence determinants,
as in the case of EHEC (Feng et al., 1998) and Shiga toxin-
producing EAEC (Rohde et al., 2011), or through the acquisition
of virulence genes from other bacterial species.

E. COLI SUBTYPES

Apart from pathotype, individual strains of E. coli can be
subtyped using a variety of criteria that may vary between
individual strains. These include sequence type, serotype,
pulsotype, phage type, and biotype.

Sequence Type
The conserved nature of the E. coli core genome allows
determination of the genetic distance between strains based
on nucleotide polymorphisms in shared genes. For more
than a decade multi-locus sequence typing (MLST), in which
sequence types (STs) are defined on the basis of combinations
of allelic variation in 6–11 so-called “housekeeping genes”
(Maiden et al., 1998), has been the gold standard for DNA
sequence-based typing of bacterial pathogens. Three MLST
schemes have been proposed for E. coli, each based on a
different set of 7–8 genes (Reid et al., 2000; Wirth et al.,
2006; Jaureguy et al., 2008), of which the 7-locus scheme of
Mark Achtman appears to be the most stable and congruent
with whole genome phylogenies (Chaudhuri and Henderson,
2012; Clermont et al., 2015). The principle of MLST has
recently been extended to core gene MLST (cgMLST) (Maiden
et al., 2013), and a new E. coli scheme incorporating
more than 2500 genes is now available (alongside the 7-
locus scheme of Mark Achtman) in the Enterobase database
hosted at the Warwick Medical School (http://enterobase.
warwick.ac.uk). Sequence typing has proved useful in many
settings, e.g., in tracing the spread of particular strains in
different regions, such as E. coli ST131, a multidrug resistant
UPEC clone (Nicolas-Chanoine et al., 2014; Petty et al.,
2014).

Serotype
Serotyping based on antigenic variation in the surface O-
(polysaccharide) and H- (flagella) antigens of E. coli was
previously used for the preliminary identification of DEC
pathotypes. Indeed, much of the early evidence linking EPEC to
the cause of outbreaks of diarrhoea was based on the antigenic
relatedness of strains obtained from patients in different locations
(Robins-Browne, 1987). ETEC, EIEC, EHEC, and EAEC also
belong to a limited number of serotypes, but serotyping is no
longer used for the preliminary identification of these categories,
having been replaced by direct testing for the presence of
virulence-associated genes (Table 1). Moreover, E. coli serotypes
are not immutable, and can change due to mutation or phage-
mediated transduction (Mavris et al., 1997; Kido and Kobayashi,
2000). The superiority of sequence typing over serotyping is
illustrated by the ST131 UPEC pandemic strain, in which most
isolates are serotype O25b:H4, but some are serotype O16:H5
(Nicolas-Chanoine et al., 2014). Importantly, E. coli serotypes
can be reliably predicted from whole genome sequences (Ingle
et al., 2016b). Indeed, in-silico serotyping offers a number
of advantages over traditional serotyping, including the non-
reliance on typing sera that may vary in quality, and the ability
to type strains that do not express the O- or H-antigens in vitro
or that autoagglutinate (Ingle et al., 2016b). For these reasons,
in-silico serotyping is likely to replace traditional serotyping in
future.

Nevertheless, many food microbiology laboratories currently
use serotyping for the preliminary identification of EHEC, most
notably E. coli O157:H7 and the so-called “big six” serogroups
(O26, O45, O103, O111, O121, and O145) of EHEC strains
(Brooks et al., 2005).

Interestingly, even the identification of serotype, together
with the demonstration of a suite of shared virulence genes,
may not provide sufficiently refined information to identify a
particular subclone or clade of EHEC (Manning et al., 2008).
In such instances, further subtyping may be required to track
outbreaks. Traditionally, this has included phage typing (which
is based on the susceptibility of isolates to infection with one
or more specific virulent bacteriophages) or typing based on
restriction fragment length polymorphism (pulsotyping), which
permits the discernment of outbreak strains from background
“noise” (Bender et al., 1997). The value of pulsotyping is
exemplified by PulseNet, a surveillance network of public
health laboratories that use DNA fingerprinting for the early
identification of common sources of foodborne outbreaks of
disease (Swaminathan et al., 2001). More recently, public health
laboratories have been shifting to analysis of whole genome single
nucleotide polymorphisms (SNPs) to trace outbreaks of E. coli
and other foodborne pathogens. This approach first captured
the attention of the international public health community
during the high-profile 2011 outbreak of diarrhoea and HUS
in Germany caused by Shiga toxin producing EAEC (Buchholz
et al., 2011; Rohde et al., 2011), and is now being used for routine
analysis in many laboratories, e.g., to investigate E. coli O157:H7
outbreaks by Public Health England (Cowley et al., 2016), and
the GenomeTrakr project established by the US Food and Drug
Administration (Allard et al., 2016).
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Biotype
Biotyping was once relied upon to group and separate individual
strains of E. coli, particularly in the period before serotyping
became established for this purpose. Currently, biotyping is still
used to distinguish shigellae from other varieties of E. coli.
Although at present there is no comprehensive scheme to predict
E. coli biotype from whole genome sequences, this may be
possible in future should biotyping still be required.

Biochemical profiles also play a central role in the isolation
and preliminary identification of E. coli strains in general, on
media such as McConkey and eosin methylene blue agar, and
of EHEC on sorbitol MaConkey (SMAC) agar and CHROMagar
STEC medium (de Boer et al., 2015).

Pathotype
As mentioned above, the subdivision of DEC into pathotypes
has may uses. However, some isolates do not comply with the
standard pathotyping scheme (Table 2). Such strains include
isolates of EPEC that carry genes for the heat-labile enterotoxin
of ETEC (Dutta et al., 2015); and strains of ETEC and EAEC that
secrete Shiga toxin (Zhang et al., 2007; Buchholz et al., 2011).
Even Shigella dysenteriae type 1, which carries the Shiga toxin
gene on its chromosome is atypical, as far as the Shigella biotype
is concerned, since no other strain in this “genus” produces
this toxin. In addition, Shigella boydii serotype 13 is unusual in
that it carries the LEE pathogenicity island of EPEC (Walters
et al., 2012), although this particular clone is evidently incorrectly
classified, being more closely related to E. albertii than to E.
coli (Hyma et al., 2005). E. albertii is a disctinct Escherichia
species that is characterised in part by its carriage of the LEE
pathogenicity island (Huys et al., 2003).

Hybrid strains of E. coli pathotypes are not surprising given
the mobility of most of the genes that encode virulence in DEC.
What is perhaps more surprising is that hybrids don’t occur
more often. In this regard, DEC strains that infect humans seem
somewhat limited in the combinations of virulence determinants

TABLE 2 | Examples of clinically significant diarrheagenic E. coli strains

that do not comply with established pathotypes.

Strain Comments References

Shiga-toxin producing

EAEC

Some investigators have

deemed these to a new

pathotype named STEAEC

Clements et al., 2012

Shiga-toxin producing

ETEC

Most of these strains are

associated with pig edema

disease

Zhang et al., 2007

LT-producing EPEC We have found this

uncommon hybrid in our

studies of paediatric diarrhoea

(unpublished)

Dutta et al., 2015

Shigella B13 carrying the

LEE pathogenicity island

This clone is more closely

related to E. albertii than to

E. coli

Hyma et al., 2005;

Walters et al., 2012

EAEC, enteroaggregative E. coli; EPEC, enteropathogenic E. coli; ETEC, enterotoxigenic

E. coli; LEE, locus of enterocyte effacement; LT, heat-labile enterotoxin; STEAEC, Shiga-

toxin producing enteroaggregative E. coli.

that occur together, other than those that are already well
characterised (Table 1). Thus, whereas EPEC, EHEC, ETEC, and
shigellae have all emerged on several different occasions (Pupo
et al., 2000; Sahl et al., 2011; von Mentzer et al., 2014; Ingle et al.,
2016a), hybrids of these are uncommon (Nyholm et al., 2015).
By contrast, some EPEC strains from animals carry colonisation
fimbriae that closely resemble those from ETEC (Adams et al.,
1997), and ETEC from swine may express Shiga toxin as well as
STa and/or STb (Zhang et al., 2007; DebRoy et al., 2010).

A particular limitation of pathotyping concerns its limited
capacity to accommodate new strains that do not comply
with known categories. These include Shiga toxin producing
strains of EAEC, which some authors have assigned to a new
pathotype, designated Shiga-toxin producing enteroaggregative
E. coli (Clements et al., 2012). This is not unreasonable
considering that EHEC, which is a well-accepted pathotype itself,
appears to have emerged relatively recently from EPEC (Feng
et al., 1998), but the nomenclature is unwieldy and inflexible. For
example, it may be more accurate to use the term “Shiga toxin
producing atypical EPEC” for EHEC given the origin of these
strains, and Shiga toxin producing ETEC for the bacteria that
cause oedema disease in pigs.

Another problem with the current definitions of DEC
pathotypes is that some strains are defined in part by negative
criteria. For example, EPEC is defined as having the LEE
pathogenicity island, but lacking Shiga toxin (otherwise it would
be EHEC), and atypical EPEC is defined as lacking both Shiga
toxin and bundle-forming pili (Kaper, 1996; Trabulsi et al., 2002).
We believe that characterising pathogens on the basis of their
lack of one or more virulence determinants may group several
types of distantly related or unrelated bacteria together, and
cause some distinct pathogenic categories with uncharacterised
virulence determinants to be overlooked.

CONCLUSION

The ability to divide E. coli into subtypes is essential to
understand the epidemiology and pathogenesis of particular
clones. The use of sequence typing, biotyping, serotyping, and
pathotyping to group similar bacteria together while separating
them from others is helpful in many circumstances, such as when
tracing outbreaks, but can be misleading when serotypes change
or classification systems struggle to accommodate novel strains.

The subdivision of DEC into pathotypes is critical
for understanding how these bacteria cause disease. The
identification of pathotypes is also invaluable clinically (to
determining prognosis and guide clinical management)
and epidemiologically to detect outbreaks and estimate the
contribution of different types of DEC to the overall burden
of disease, as well as for the control of these diseases by public
health interventions and immunisation (Levine et al., 1983;
Sjöling et al., 2015).

Whole genome sequencing of E. coli strains has vastly
enhanced our understanding of the evolution and pathobiology
of this highly adaptable and versatile species. A major
advantage of whole genome sequencing is that most subtypes
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and other properties can be predicted with a high degree
of accuracy from sequence data. Combined with clinical,
pathological and epidemiological metadata, whole genome
sequencing will also permit elucidation of which strains within
a subtype are more virulence than others. For these reasons,
we expect that some of the typing schemes in current use
will eventually be replaced by a system that is based on
a combination of genes within the core genome (probably
cgMLST) and the accessory genome, comprising major virulence
determinants and associated pathogenic potential. In this regard,
the coordinated sharing of whole genome sequence data via
GenomeTrakr, coupled with standardised extraction of E. coli
typing information including sequence type, serotype, pathotype
and antimicrobial resistance from genome data using tools such
as Enterobase is likely to become the new gold standard for E.
coli analysis. Thus, although whole genome sequencing will not
replace pathotyping in the short-term, it should, together with

clinical, field, and experimental data, be used to enhance our
understanding of what constitutes a pathotype, while allowing for
more pathotypes to be identified by permitting the identification
of particular combinations of genes that are associated with
specific clinical syndromes and pathology. This is particularly
important for loosely defined pathotypes, such as EAEC, DAEC,
AIEC, and atypical EPEC.

AUTHOR CONTRIBUTIONS

All of the authors contributed to the preparation of the
manuscript, and to the ideas and concepts contained in it.

ACKNOWLEDGMENTS

Research in the authors’ laboratories is funded by the Australian
NHMRC.

REFERENCES

Adams, L. M., Simmons, C. P., Rezmann, L., Strugnell, R. A., and Robins-Browne,

R. M. (1997). Identification and characterization of a K88- and CS31A-like

operon of a rabbit enteropathogenic Escherichia coli strain which encodes

fimbriae involved in the colonization of rabbit intestine. Infect. Immun. 65,

5222–5230.

Alhagamhmad, M. H., Day, A. S., Lemberg, D. A., and Leach, S. T. (2016). An

overview of the bacterial contribution to Crohn disease pathogenesis. J. Med.

Microbiol. doi: 10.1099/jmm.0.000331. [Epub ahead of print].

Allard, M.W., Strain, E., Melka, D., Bunning, K., Musser, S. M., Brown, E.W., et al.

(2016). Practical value of food pathogen traceability through building a whole-

genome sequencing network and database. J. Clin. Microbiol. 54, 1975–1983.

doi: 10.1128/JCM.00081-16

Bender, J. B., Hedberg, C. W., Besser, J. M., Boxrud, D. J., MacDonald, K. L., and

Osterholm, M. T. (1997). Surveillance for Escherichia coli O157:H7 infections

in Minnesota by molecular subtyping. N. Engl. J. Med. 337, 388–394. doi:

10.1056/NEJM199708073370604

Benz, I., and Schmidt, M. A. (1992). Isolation and serologic characterization

of AIDA-1, the adhesin mediating the diffuse adherence phenotype of the

diarrhea-associated Escherichia coli strain 2787 (O126:H27). Infect. Immun. 60,

13–18.

Beutin, L., Montenegro, M. A., Orskov, I., Orskov, F., Prada, J., Zimmermann, S.,

et al. (1989). Close association of verotoxin (Shiga-like toxin) production with

enterohemolysin production in strains of Escherichia coli. J. Clin. Microbiol. 27,

2559–2564.

Bieber, D., Ramer, S. W., Wu, C. Y., Murray, W. J., Tobe, T., Fernandez, R.,

et al. (1998). Type IV pili, transient bacterial aggregates, and virulence

of enteropathogenic Escherichia coli. Science 280, 2114–2118. doi:

10.1126/science.280.5372.2114

Blattner, F. R., Plunkett, G. III, Bloch, C. A., Perna, N. T., Burland, V., Riley, M.,

et al. (1997). The complete genome sequence of Escherichia coli K-12. Science

277, 1453–1462. doi: 10.1126/science.277.5331.1453

Boisen, N., Scheutz, F., Rasko, D. A., Redman, J. C., Persson, S., Simon, J.,

et al. (2012). Genomic characterization of enteroaggregative Escherichia coli

from children in Mali. J. Infect. Dis. 205, 431–444. doi: 10.1093/infdis/

jir757

Brooks, J. T., Sowers, E. G., Wells, J. G., Greene, K. D., Griffin, P. M.,

Hoekstra, R. M., et al. (2005). Non-O157 Shiga toxin-producing Escherichia coli

infections in the United States, 1983–2002. J. Infect. Dis. 192, 1422–1429. doi:

10.1086/466536

Buchholz, U., Bernard, H., Werber, D., Böhmer, M. M., Remschmidt, C., Wilking,

H., et al. (2011). German outbreak of Escherichia coli O104:H4 associated with

sprouts. N. Engl. J. Med. 365, 1763–1770. doi: 10.1056/NEJMoa1106482

Burland, V., Shao, Y., Perna, N. T., Plunkett, G., Sofia, H. J., and Blattner, F.

R. (1998). The complete DNA sequence and analysis of the large virulence

plasmid of Escherichia coli O157:H7. Nucleic Acids Res. 26, 4196–4204. doi:

10.1093/nar/26.18.4196

Chaudhuri, R. R., and Henderson, I. R. (2012). The evolution of the Escherichia coli

phylogeny. Infect. Genet. Evol. 12, 214–226. doi: 10.1016/j.meegid.2012.01.005

Clements, A., Young, J. C., Constantinou, N., and Frankel, G. (2012). Infection

strategies of enteric pathogenic Escherichia coli. Gut Microbes. 3, 71–87. doi:

10.4161/gmic.19182

Clermont, O., Gordon, D., and Denamur, E. (2015). Guide to the various

phylogenetic classification schemes for Escherichia coli and the correspondence

among schemes.Microbiology 161, 980–988. doi: 10.1099/mic.0.000063

Cookson, A. L., Bennett, J., Thomson-Carter, F., and Attwood, G. T. (2007).

Molecular subtyping and genetic analysis of the enterohemolysin gene (ehxA)

from Shiga toxin-producing Escherichia coli and atypical enteropathogenic

E. coli. Appl. Environ. Microbiol. 73, 6360–6369. doi: 10.1128/AEM.00

316-07

Cowley, L. A., Dallman, T. J., Fitzgerald, S., Irvine, N., Rooney, P. J., McAteer,

S. P., et al. (2016). Short term evolution of Shiga toxin producing Escherichia

coli O157:H7 between two food-borne outbreaks. Microb. Genom. doi:

10.1099/mgen.0.000084

Croxen, M. A., Law, R. J., Scholz, R., Keeney, K. M., Wlodarska, M., and Finlay,

B. B. (2013). Recent advances in understanding enteric pathogenic Escherichia

coli. Clin. Microbiol. Rev. 26, 822–880. doi: 10.1128/CMR.00022-13

Day, W. A. Jr., Fernandez, R. E., and Maurelli, A. T. (2001). Pathoadaptive

mutations that enhance virulence: genetic organization of the cadA regions

of Shigella spp. Infect. Immun. 69, 7471–7480. doi: 10.1128/IAI.69.12.7471-

7480.2001

de Boer, R. F., Ferdous, M., Ott, A., Scheper, H. R., Wisselink, G. J., Heck, M.

E., et al. (2015). Assessing the public health risk of Shiga toxin-producing

Escherichia coli by use of a rapid diagnostic screening algorithm. J. Clin.

Microbiol. 53, 1588–1598. doi: 10.1128/JCM.03590-14

DebRoy, C., Roberts, E., Davis, M., and Bumbaugh, A. (2010). Multiplex

polymerase chain reaction assay for detection of nonserotypable Shiga toxin-

producing Escherichia coli strains of serogroup O147. Foodborne. Pathog. Dis.

7, 1407–1414. doi: 10.1089/fpd.2010.0614

Donnenberg, M. S., Tacket, C. O., James, S. P., Losonsky, G., Nataro, J. P.,

Wasserman, S. S., et al. (1993). Role of the eaeA gene in experimental

enteropathogenic Escherichia coli infection. J. Clin. Invest. 92, 1412–1417. doi:

10.1172/JCI116717

Dubreuil, J. D. (2010). STb and AIDA-I: the missing link? Crit. Rev. Microbiol. 36,

212–220. doi: 10.3109/10408411003720191

Dutta, S., Pazhani, G. P., Nataro, J. P., and Ramamurthy, T. (2015). Heterogenic

virulence in a diarrheagenic Escherichia coli: evidence for an EPEC

expressing heat-labile toxin of ETEC. Int. J. Med. Microbiol. 305, 47–54. doi:

10.1016/j.ijmm.2014.10.006

Fairbrother, J. M., Nadeau, E., and Gyles, C. L. (2005). Escherichia coli in

postweaning diarrhea in pigs: an update on bacterial types, pathogenesis,

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 November 2016 | Volume 6 | Article 141

http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Robins-Browne et al. E. coli Pathotypes

and prevention strategies. Anim. Health Res. Rev. 6, 17–39. doi:

10.1079/AHR2005105

Feldsine, P., Lienau, A. H., Shah, K., Immermann, A., Soliven, K., Kaur, M., et al.

(2016). Comparison of assurance GDS R© MPX ID for top STEC with reference

culture methods for the detection of E. coli top 6 STEC; direct confirmation

of top 6 STEC from isolation plates and determination of equivalence of

PickPen R© and FSIS OctoMACSTM concentration protocols. J. AOAC Int. 99,

428–443. doi: 10.5740/jaoacint.15-0261

Feng, P., Lampel, K. A., Karch, H., and Whittam, T. S. (1998). Genotypic and

phenotypic changes in the emergence of Escherichia coliO157:H7. J. Infect. Dis.

177, 1750–1753. doi: 10.1086/517438

Feng, Y., Chen, Z., and Liu, S. L. (2011). Gene decay in Shigella as an incipient

stage of host-adaptation. PLoS ONE 6:e27754. doi: 10.1371/journal.pone.00

27754

Girón, J. A., Ho, A. S., and Schoolnik, G. K. (1991). An inducible bundle-

forming pilus of enteropathogenic Escherichia coli. Science 254, 710–713. doi:

10.1126/science.1683004

Harrington, S. M., Dudley, E. G., and Nataro, J. P. (2006). Pathogenesis of

enteroaggregative Escherichia coli infection. FEMS Microbiol. Lett. 254, 12–18.

doi: 10.1111/j.1574-6968.2005.00005.x

Huys, G., Cnockaert, M., Janda, J. M., and Swings, J. (2003). Escherichia

albertii sp. nov., a diarrhoeagenic species isolated from stool specimens of

Bangladeshi children. Int. J. Syst. Evol. Microbiol. 53, 807–810. doi: 10.1099/ijs.0.

02475-0

Hyma, K. E., Lacher, D. W., Nelson, A. M., Bumbaugh, A. C., Janda, J. M.,

Strockbine, N. A., et al. (2005). Evolutionary genetics of a new pathogenic

Escherichia species: Escherichia albertii and related Shigella boydii strains. J.

Bacteriol. 187, 619–628. doi: 10.1128/JB.187.2.619-628.2005

Ingle, D. J., Tauschek,M., Edwards, D. J., Hocking, D.M., Pickard, D. J., Azzopardi,

K. I., et al. (2016a). Evolution of atypical enteropathogenic E. coli by repeated

acquisition of LEE pathogenicity island variants. Nat. Microbiol. 1:15010. doi:

10.1038/nmicrobiol.2015.10

Ingle, D. J., Valcanis, M., Kuzevski, A., Tauschek, M., Inouye, M., Stinear, T., et al.

(2016b). EcOH: in silico serotyping of E. coli from short read data. Microb.

Genom. doi: 10.1099/mgen.0.000064

Jaureguy, F., Landraud, L., Passet, V., Diancourt, L., Frapy, E., Guigon, G., et al.

(2008). Phylogenetic and genomic diversity of human bacteremic Escherichia

coli strains. BMC Genomics 9:560. doi: 10.1186/1471-2164-9-560

Kaper, J. B. (1996). Defining EPEC. Rev. Microbiol. 27, 130–133.

Kaper, J. B., Nataro, J. P., and Mobley, H. L. (2004). Pathogenic Escherichia coli.

Nat. Rev. Microbiol. 2, 123–140. doi: 10.1038/nrmicro818

Kenny, B., DeVinney, R., Stein, M., Reinscheid, D. J., Frey, E. A., and Finlay, B.

B. (1997). Enteropathogenic, E. coli transfers its receptor for intimin adherence

into mammalian cells. Cell 91, 511–520. doi: 10.1016/S0092-8674(00)80437-7

Kido, N., and Kobayashi, H. (2000). A single amino acid substitution in a

mannosyltransferase, WbdA, converts the Escherichia coli O9 polysaccharide

into O9a: generation of a new O-serotype group. J. Bacteriol. 182, 2567–2573.

doi: 10.1128/JB.182.9.2567-2573.2000

Lan, R., Alles, M. C., Donohoe, K., Martinez, M. B., and Reeves, P. R.

(2004). Molecular evolutionary relationships of enteroinvasive Escherichia coli

and Shigella spp. Infect. Immun. 72, 5080–5088. doi: 10.1128/IAI.72.9.5080-

5088.2004

Lanata, C. F., Fischer-Walker, C. L., Olascoaga, A. C., Torres, C. X., Aryee,

M. J., and Black, R. E. (2013). Global causes of diarrheal disease mortality

in children <5 years of age: a systematic review. PLoS ONE 8:e72788. doi:

10.1371/journal.pone.0072788

Leimbach, A., Hacker, J., and Dobrindt, U. (2013). E. coli as an all-rounder: the thin

line between commensalism and pathogenicity. Curr. Top. Microbiol. Immunol.

358, 3–32. doi: 10.1007/978-3-662-45793-1_303

Levine,M.M., Caplan, E. S.,Waterman, D., Cash, R. A., Hornick, R. B., and Snyder,

M. J. (1977). Diarrhea caused by Escherichia coli that produce only heat-stable

enterotoxin. Infect. Immun. 17, 78–82.

Levine, M. M., Kaper, J. B., Black, R. E., and Clements, M. L. (1983). New

knowledge on pathogenesis of bacterial enteric infections as applied to vaccine

development.Microbiol. Rev. 47, 510–550.

Levine, M. M., Nalin, D. R., Hoover, D. L., Bergquist, E. J., Hornick, R. B.,

and Young, C. R. (1979). Immunity to enterotoxigenic Escherichia coli. Infect.

Immun. 23, 729–736.

Madhavan, T. P., and Sakellaris, H. (2015). Colonization factors of

enterotoxigenic Escherichia coli. Adv. Appl. Microbiol. 90, 155–197. doi:

10.1016/bs.aambs.2014.09.003

Maiden, M. C., Bygraves, J. A., Feil, E., Morelli, G., Russell, J. E., Urwin, R., et al.

(1998). Multilocus sequence typing: a portable approach to the identification of

clones within populations of pathogenic microorganisms. Proc. Natl. Acad. Sci.

U.S.A. 95, 3140–3145. doi: 10.1073/pnas.95.6.3140

Maiden,M. C., Jansen van Rensburg,M. J., Bray, J. E., Earle, S. G., Ford, S. A., Jolley,

K. A., et al. (2013). MLST revisited: the gene-by-gene approach to bacterial

genomics. Nat. Rev. Microbiol. 11, 728–736. doi: 10.1038/nrmicro3093

Manning, S. D., Motiwala, A. S., Springman, A. C., Qi,W., Lacher, D.W., Ouellette,

L. M., et al. (2008). Variation in virulence among clades of Escherichia coli

O157:H7 associated with disease outbreaks. Proc. Natl. Acad. Sci. U.S.A. 105,

4868–4873. doi: 10.1073/pnas.0710834105

Marteyn, B., Gazi, A., and Sansonetti, P. (2012). Shigella: a model of virulence

regulation in vivo. Gut Microbes 3, 104–120. doi: 10.4161/gmic.19325

Martinez-Medina, M., Mora, A., Blanco, M., López, C., Alonso, M. P., Bonacorsi,

S., et al. (2009). Similarity and divergence among adherent-invasive Escherichia

coli and extraintestinal pathogenic E. coli strains. J. Clin. Microbiol. 47,

3968–3979. doi: 10.1128/JCM.01484-09

Mavris, M., Manning, P. A., and Morona, R. (1997). Mechanism of bacteriophage

SfII-mediated serotype conversion in Shigella flexneri. Mol. Microbiol. 26,

939–950. doi: 10.1046/j.1365-2958.1997.6301997.x

McDaniel, T. K., and Kaper, J. B. (1997). A cloned pathogenicity island

from enteropathogenic Escherichia coli confers the attaching and effacing

phenotype on E. coli K-12. Mol. Microbiol. 23, 399–407. doi: 10.1046/j.1365-

2958.1997.2311591.x

McWilliams, B. D., and Torres, A. G. (2014). Enterohemorrhagic Escherichia

coli adhesins.Microbiol. Spectr. 2, 10–2013. doi: 10.1128/microbiolspec.EHEC-

0003-2013

Melton-Celsa, A., Mohawk, K., Teel, L., and O’Brien, A. (2012). Pathogenesis of

Shiga-toxin producing Escherichia coli. Curr. Top. Microbiol. Immunol. 357,

67–103. doi: 10.1007/82_2011_176

Moon, H. W., Whipp, S. C., Argenzio, R. A., Levine, M. M., and Giannella, R. A.

(1983). Attaching and effacing activities of rabbit and human enteropathogenic

Escherichia coli in pig and rabbit intestines. Infect. Immun. 41, 1340–1351.

Nagy, B., and Fekete, P. Z. (1999). Enterotoxigenic Escherichia coli (ETEC) in farm

animals. Vet. Res. 30, 259–284.

Nataro, J. P., Deng, Y., Cookson, S., Cravioto, A., Savarino, S. J., Guers,

L. D., et al. (1995). Heterogeneity of enteroaggregative Escherichia coli

virulence demonstrated in volunteers. J. Infect. Dis. 171, 465–468. doi:

10.1093/infdis/171.2.465

Nataro, J. P., and Kaper, J. B. (1998). Diarrheagenic Escherichia coli.Clin. Microbiol.

Rev. 11, 142–201.

Nataro, J. P., Kaper, J. B., Robins-Browne, R., Prado, V., Vial, P., and Levine, M.

M. (1987). Patterns of adherence of diarrheagenic Escherichia coli to HEp-

2 cells. Pediatr. Infect. Dis. J. 6, 829–831. doi: 10.1097/00006454-198709000-

00008

Nataro, J. P., Scaletsky, I. C., Kaper, J. B., Levine, M. M., and Trabulsi, L. R.

(1985). Plasmid-mediated factors conferring diffuse and localized adherence of

enteropathogenic Escherichia coli. Infect. Immun. 48, 378–383.

Nguyen, R. N., Taylor, L. S., Tauschek, M., and Robins-Browne, R. M. (2006).

Atypical enteropathogenic Escherichia coli infection and prolonged diarrhea in

children. Emerg. Infect. Dis. 12, 597–603. doi: 10.3201/eid1204.051112

Nicolas-Chanoine, M. H., Bertrand, X., and Madec, J. Y. (2014). Escherichia coli

ST131, an intriguing clonal group. Clin. Microbiol. Rev. 27, 543–574. doi:

10.1128/CMR.00125-13

Nyholm, O., Halkilahti, J., Wiklund, G., Okeke, U., Paulin, L., Auvinen,

P., et al. (2015). Comparative genomics and characterization of hybrid

Shigatoxigenic and enterotoxigenic Escherichia coli (STEC/ETEC) strains. PLoS

ONE 10:e0135936. doi: 10.1371/journal.pone.0135936

O’Brien, C. L., Bringer, M. A., Holt, K. E., Gordon, D. M., Dubois, A. L., Barnich,

N., et al. (2016). Comparative genomics of Crohn’s disease-associated adherent-

invasive Escherichia coli. Gut. doi: 10.1136/gutjnl-2015-311059

Ogura, Y., Ooka, T., Iguchi, A., Toh, H., Asadulghani, M., Oshima, K., et al. (2009).

Comparative genomics reveal the mechanism of the parallel evolution of O157

and non-O157 enterohemorrhagic Escherichia coli. Proc. Natl. Acad. Sci. U.S.A.

106, 17939–17944. doi: 10.1073/pnas.0903585106

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 November 2016 | Volume 6 | Article 141

http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Robins-Browne et al. E. coli Pathotypes

Okeke, I. N., and Nataro, J. P. (2001). Enteroaggregative Escherichia coli. Lancet

Infect. Dis. 1, 304–313. doi: 10.1016/S1473-3099(01)00144-X

O’Loughlin, E. V., and Robins-Browne, R. M. (2001). Effect of Shiga toxin

and Shiga-like toxins on eukaryotic cells. Microbes. Infect. 3, 493–507. doi:

10.1016/S1286-4579(01)01405-8

Panchalingam, S., Antonio, M., Hossain, A., Mandomando, I., Ochieng, B., Oundo,

J., et al. (2012). Diagnostic microbiologic methods in the GEMS-1 case/control

study. Clin. Infect. Dis. 55(Suppl. 4), S294–S302. doi: 10.1093/cid/cis754

Petty, N. K., Ben Zakour, N. L., Stanton-Cook, M., Skippington, E., Totsika,

M., Forde, B. M., et al. (2014). Global dissemination of a multidrug resistant

Escherichia coli clone. Proc. Natl. Acad. Sci. U.S.A. 111, 5694–5699. doi:

10.1073/pnas.1322678111

Pitout, J. D. (2012). Extraintestinal pathogenic Escherichia coli: a combination

of virulence with antibiotic resistance. Front. Microbiol. 3:9. doi:

10.3389/fmicb.2012.00009

Prosseda, G., Di Martino, M. L., Campilongo, R., Fioravanti, R., Micheli,

G., Casalino, M., et al. (2012). Shedding of genes that interfere with the

pathogenic lifestyle: the Shigella model. Res. Microbiol. 163, 399–406. doi:

10.1016/j.resmic.2012.07.004

Prunier, A. L., Schuch, R., Fernández, R. E., Mumy, K. L., Kohler, H.,

McCormick, B. A., et al. (2007). nadA and nadB of Shigella flexneri 5a

are antivirulence loci responsible for the synthesis of quinolinate, a small

molecule inhibitor of Shigella pathogenicity.Microbiology 153, 2363–2372. doi:

10.1099/mic.0.2007/006916-0

Pupo, G. M., Lan, R., and Reeves, P. R. (2000). Multiple independent origins

of Shigella clones of Escherichia coli and convergent evolution of many

of their characteristics. Proc. Natl. Acad. Sci. U.S.A. 97, 10567–10572. doi:

10.1073/pnas.180094797

Qadri, F., Svennerholm, A. M., Faruque, A. S., and Sack, R. B. (2005).

Enterotoxigenic Escherichia coli in developing countries: epidemiology,

microbiology, clinical features, treatment, and prevention. Clin. Microbiol. Rev.

18, 465–483. doi: 10.1128/CMR.18.3.465-483.2005

Reid, S. D., Herbelin, C. J., Bumbaugh, A. C., Selander, R. K., and Whittam, T.

S. (2000). Parallel evolution of virulence in pathogenic Escherichia coli. Nature

406, 64–67. doi: 10.1038/35017546

Riley, L. W., Remis, R. S., Helgerson, S. D., McGee, H. B., Wells, J. G., Davis,

B. R., et al. (1983). Hemorrhagic colitis associated with a rare Escherichia

coli serotype. N. Engl. J. Med. 308, 681–685. doi: 10.1056/NEJM1983032430

81203

Robins-Browne, R. M. (1987). Traditional enteropathogenic Escherichia coli of

infantile diarrhea. Rev. Infect. Dis. 9, 28–53. doi: 10.1093/clinids/9.1.28

Robins-Browne, R. M., and Hartland, E. L. (2002). Escherichia coli as a cause

of diarrhea. J. Gastroenterol. Hepatol. 17, 467–475. doi: 10.1046/j.1440-

1746.2002.02769.x

Rohde, H., Qin, J., Cui, Y., Li, D., Loman, N. J., Hentschke, M., et al. (2011). Open-

source genomic analysis of Shiga-toxin-producing E. coli O104:H4. N. Engl. J.

Med. 365, 718–724. doi: 10.1056/NEJMoa1107643

Sahl, J. W., Steinsland, H., Redman, J. C., Angiuoli, S. V., Nataro, J. P., Sommerfelt,

H., et al. (2011). A comparative genomic analysis of diverse clonal types of

enterotoxigenic Escherichia coli reveals pathovar-specific conservation. Infect.

Immun. 79, 950–960. doi: 10.1128/IAI.00932-10

Scaletsky, I. C. A., Silva, M. L. M., and Trabulsi, L. R. (1984). Distinctive patterns

of adherence of enteropathogenic Escherichia coli to HeLa cells. Infect. Immun.

45, 534–536.

Servin, A. L. (2005). Pathogenesis of Afa/Dr diffusely adhering Escherichia coli.

Clin. Microbiol. Rev. 18, 264–292. doi: 10.1128/CMR.18.2.264-292.2005

Servin, A. L. (2014). Pathogenesis of human diffusely adhering Escherichia coli

expressing Afa/Dr adhesins (Afa/Dr DAEC): current insights and future

challenges. Clin. Microbiol. Rev. 27, 823–869. doi: 10.1128/CMR.00036-14

Sjöling, A., von Mentzer, A., and Svennerholm, A. M. (2015). Implications

of enterotoxigenic Escherichia coli genomics for vaccine development.

Exp. Rev. Vaccines 14, 551–560. doi: 10.1586/14760584.2015.

996553

Swaminathan, B., Barrett, T. J., Hunter, S. B., and Tauxe, R. V. (2001). PulseNet:

the molecular subtyping network for foodborne bacterial disease surveillance,

United States. Emerg. Infect. Dis. 7, 382–389. doi: 10.3201/eid0703.0

17303

Tacket, C. O., Sztein, M. B., Losonsky, G., Abe, A., Finlay, B. B., McNamara, B. P.,

et al. (2000). Role of EspB in experimental human enteropathogenic Escherichia

coli infection. Infect. Immun. 68, 3689–3695. doi: 10.1128/IAI.68.6.3689-

3695.2000

Taxt, A., Aasland, R., Sommerfelt, H., Nataro, J., and Puntervoll, P. (2010). Heat-

stable enterotoxin of enterotoxigenic Escherichia coli as a vaccine target. Infect.

Immun. 78, 1824–1831. doi: 10.1128/IAI.01397-09

Tennant, S. M., Tauschek, M., Azzopardi, K., Bigham, A., Bennett-Wood, V.,

Hartland, E. L., et al. (2009). Characterisation of atypical enteropathogenic E.

coli strains of clinical origin. BMC Microbiol. 9:117. doi: 10.1186/1471-2180-

9-117

Trabulsi, L. R., Keller, R., and Gomes, T. A. (2002). Typical and atypical

enteropathogenic Escherichia coli. Emerg. Infect. Dis. 8, 508–513. doi:

10.3201/eid0805.010385

Tzipori, S., Robins-Browne, R. M., Gonis, G., Hayes, J., Withers, M., and

McCartney, E. (1985). Enteropathogenic Escherichia coli enteritis: evaluation

of gnotobiotic piglets as a model of human infection. Gut 26, 570–578. doi:

10.1136/gut.26.6.570

von Mentzer, A., Connor, T. R., Wieler, L. H., Semmler, T., Iguchi, A., Thomson,

N. R., et al. (2014). Identification of enterotoxigenic Escherichia coli (ETEC)

clades with long-term global distribution. Nat Genet. 46, 1321–1326. doi:

10.1038/ng.3145

Walker, C. L., Applegate, J. A., and Black, R. E. (2012). Haemolytic-uraemic

syndrome as a sequela of diarrhoeal disease. J. Health Popul. Nutr. 30, 257–261.

doi: 10.3329/jhpn.v30i3.12288

Walters, L. L., Raterman, E. L., Grys, T. E., and Welch, R. A. (2012). Atypical

Shigella boydii 13 encodes virulence factors seen in attaching and effacing

Escherichia coli. FEMS Microbiol. Lett. 328, 20–25. doi: 10.1111/j.1574-

6968.2011.02469.x

Weintraub, A. (2007). Enteroaggregative Escherichia coli: epidemiology,

virulence and detection. J. Med. Microbiol. 56, 4–8. doi: 10.1099/jmm.0.46

930-0

Wirth, T., Falush, D., Lan, R., Colles, F., Mensa, P., Wieler, L. H., et al. (2006). Sex

and virulence in Escherichia coli: an evolutionary perspective. Mol. Microbiol.

60, 1136–1151. doi: 10.1111/j.1365-2958.2006.05172.x

Zhang, R., Gu, D. X., Huang, Y. L., Chan, E. W., Chen, G. X., and Chen, S.

(2016). Comparative genetic characterization of enteroaggregative Escherichia

coli strains recovered from clinical and non-clinical settings. Sci. Rep. 6:24321.

doi: 10.1038/srep24321

Zhang, W., Zhao, M., Ruesch, L., Omot, A., and Francis, D. (2007).

Prevalence of virulence genes in Escherichia coli strains recently isolated

from young pigs with diarrhea in the US. Vet. Microbiol. 123, 145–152. doi:

10.1016/j.vetmic.2007.02.018

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Robins-Browne, Holt, Ingle, Hocking, Yang and Tauschek. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 November 2016 | Volume 6 | Article 141

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Robins-Browne, RM;Holt, KE;Ingle, DJ;Hocking, DM;Yang, J;Tauschek, M

Title:
Are Escherichia coli Pathotypes Still Relevant in the Era of Whole-Genome Sequencing?

Date:
2016-11-18

Citation:
Robins-Browne, R. M., Holt, K. E., Ingle, D. J., Hocking, D. M., Yang, J. & Tauschek,
M. (2016). Are Escherichia coli Pathotypes Still Relevant in the Era of Whole-Genome
Sequencing?. FRONTIERS IN CELLULAR AND INFECTION MICROBIOLOGY, 6 (NOV),
https://doi.org/10.3389/tcimb.2016.00141.

Persistent Link:
http://hdl.handle.net/11343/260800

License:
CC BY

http://hdl.handle.net/11343/260800
CC%20BY

	Are Escherichia coli Pathotypes Still Relevant in the Era of Whole-Genome Sequencing?
	DEC Pathotypes
	Enteropathogenic E. coli (EPEC)
	Enterohemorrhagic E. coli (EHEC)
	Enterotoxigenic E. coli (ETEC)
	Enteroinvasive E. coli (EIEC)
	Enteroaggregative E. coli (EAEC)
	Diffusely-Adherent E. coli (DAEC)
	Adherent-Invasive E. coli (AIEC)

	E. coli Genomics
	E. coli Subtypes
	Sequence Type
	Serotype
	Biotype
	Pathotype

	Conclusion
	Author Contributions
	Acknowledgments
	References


