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Whole-genome sequencing has been skewed toward bacterial pathogens as a consequence of the prioritiza-
tion of medical and veterinary diseases. However, it is becoming clear that in order to accurately measure
genetic variation within and between pathogenic groups, multiple isolates, as well as commensal species, must
be sequenced. This study examined the pangenomic content of Escherichia coli. Six distinct E. coli pathovars can
be distinguished using molecular or phenotypic markers, but only two of the six pathovars have been subjected
to any genome sequencing previously. Thus, this report provides a seminal description of the genomic contents
and unique features of three unsequenced pathovars, enterotoxigenic E. coli, enteropathogenic E. coli, and
enteroaggregative E. coli. We also determined the first genome sequence of a human commensal E. coli isolate,
E. coli HS, which will undoubtedly provide a new baseline from which workers can examine the evolution of
pathogenic E. coli. Comparison of 17 E. coli genomes, 8 of which are new, resulted in identification of ~2,200
genes conserved in all isolates. We were also able to identify genes that were isolate and pathovar specific.
Fewer pathovar-specific genes were identified than anticipated, suggesting that each isolate may have inde-
pendently developed virulence capabilities. Pangenome calculations indicate that E. coli genomic diversity
represents an open pangenome model containing a reservoir of more than 13,000 genes, many of which may be
uncharacterized but important virulence factors. This comparative study of the species E. coli, while descrip-

tive, should provide the basis for future functional work on this important group of pathogens.

Escherichia coli is commonly found in the normal microflora
in the human gastrointestinal tract (16) and is intricately in-
volved in the lives of humans. This bacterium can be grown
readily, and its genetics are easily manipulated in the labora-
tory, making it a common workhorse and one of the best-
studied prokaryotic model organisms. However, E. coli isolates
can cause serious illness in humans and are associated with at
least six distinct disease presentations (29) that result in bil-
lions of dollars in lost work time and doctor and hospital visits
each year (56). Diarrheagenic E. coli strains are well known
from recent outbreaks in the United States (http://www.cdc.gov
/ecoli/); however, a significant proportion of E. coli isolates
cause disease outside the intestinal tract, and these isolates are
known as extraintestinal pathogenic E. coli (ExPEC) (54, 56).
The ExXPEC isolates cause a range of diseases in humans,
including urinary tract infections and neonatal meningitis. The
diarrheagenic pathogenic variants (pathovars) of E. coli are
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also diverse in terms of their clinical presentation, age groups
affected, and associated virulence factors. Five distinct clinical
groups of diarrheagenic isolates have been identified: entero-
aggregative E. coli (EAEC), enterohemorrhagic E. coli (EHEC),
enteropathogenic E. coli (EPEC), enteroinvasive E. coli
(EIEC), and enterotoxigenic E. coli (ETEC). Other patho-
genic groups have been proposed; however, these five groups
are distinct and can be agreed upon by the community at large
(29). EAEC is considered by many to be an emerging pathogen
that can infect a wide range of age groups (18, 23). The mo-
lecular basis of the virulence of EAEC is not well defined,
suggesting that further molecular characterization of the
pathovar is required (18, 23). Prototypical EAEC infection is
characterized by the formation of a biofilm in the colon, fol-
lowed by secretion of toxins and cytolytic factors (18, 23).
EHEC isolates are often associated with serotype O157:H7,
because this serotype has been responsible for recent out-
breaks associated with spinach in the United States (10). There
are many serotypes that are associated with EHEC, but almost
all isolates contain a type III secretion system (TTSS) involved
in the direct secretion of bacterial factors into the epithelium,
resulting in destruction of the colonic architecture and leading
to bloody diarrhea (3). Additionally, EHEC isolates produce a
Shiga-like toxin responsible for systemic clinical symptoms
such as hemolytic-uremic syndrome and secondary neuronal
and kidney sequelae (30). EPEC isolates also use a TTSS to
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disrupt the epithelial layer; however, a tropism for the small
intestine and the lack of Shiga toxin genes distinguish this
pathovar from EHEC (5, 29). ETEC isolates, as the name
implies, secrete a number of toxins, including stable toxin and
labile toxin (49). The clinical presentation of ETEC infection is
often referred to as traveler’s diarrhea and occurs predomi-
nantly in developing countries (49). Members of this pathovar
bind to the epithelial layer in the small intestine and secrete
toxins that cause an altered water balance in the intestinal
lumen, resulting in watery diarrhea (49). While none of the
other E. coli pathovars routinely invades the epithelial cells,
members of the EIEC group readily enter the enterocytes of
the colon and move laterally, thus avoiding many of the host
innate immune responses (12, 44). Clinically and diagnosti-
cally, EIEC is similar to Shigella species, sharing many of the
same virulence factors (12, 44). Overall, E. coli isolates and the
diseases that they cause are diverse, and while many virulence
factors are known for each of the different pathovars, the
genetic content of these pathogens has not been examined
previously on a genomic level.

The microbial species that have been investigated using
whole-genome sequencing have been markedly skewed toward
pathogens as a result of microbe-associated human and veter-
inary diseases. In addition, and despite the power inherent in
whole-genome analyses, the inability to reliably assign a func-
tion to the predicted products of uncharacterized genes, such
as virulence factors, remains a major limitation. Functional
gene characterization following genome sequencing relies on
wet lab bench work to validate bioinformatic predictions.
Genomic comparisons can rapidly narrow, by at least a factor
of 10 (38), the number of targets or virulence factors that need
to be investigated using further classic molecular biology tech-
niques. Comparative genomic analysis of carefully selected iso-
lates with well-defined phenotypic characteristics maximizes
the insights available through whole-genome sequencing. To
this end, the current study was aimed at comparing the
genomic contents of multiple pathogenic strains and one
commensal isolate of E. coli in an effort to identify unique
virulence determinants in each pathovar, as well as common
features shared by members of the species. We used the
comparisons to predict the pangenome (60) of the species E.
coli and to identify potential novel virulence factors in a
wide range of isolates.

In this paper, we also describe a genomic comparison of a
true human commensal E. coli isolate, E. coli HS (34), to
previously determined and publicly available E. coli genome
sequences (Table 1). Previous genome sequencing efforts with
this species have focused on laboratory-adapted E. coli K-12
strains (1, 19, 53) or a limited number of pathogenic isolates
(20, 22, 46, 52, 67). The use of the genome of a gastrointestinal
tract-colonizing commensal as a reference genome should pro-
vide a more accurate account of which features may be asso-
ciated with colonization and which features may be disease
associated. Additionally, comparison of multiple isolates of the
same pathovar should allow examination within the groups to
determine conserved or convergent methods of virulence. This
data set provides a novel genomic perspective on the evolution
of E. coli as a pathogen and a species.
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MATERIALS AND METHODS

Isolate selection. The characteristics of the strains sequenced in the present
study and the publicly available genomes used for comparison are summarized in
Table 1.

(i) Commensal isolate. The E. coli HS culture used for sequencing was ob-
tained from the Center for Vaccine Development at the University of Maryland
School of Medicine as a frozen stock early in the history of this isolate. This
isolate was obtained from a healthy human with no disease and has been shown
to colonize the human gastrointestinal tract without any apparent clinical symp-
toms (37).

(ii) ETEC isolates. ETEC isolates E24377A and B7A are verified human
pathogens (36, 59), and stocks were prepared from a master GMP bank at
Walter Reed Army Institute of Research (Silver Spring, MD). Both strains
produce labile toxin and stable toxin. E24377A is a serotype O139:H28 strain and
produces the CS1 and CS3 colonization factor antigens (CFA) (4), whereas
strain B7A is a serotype O148:H28 strain and produces only the CS6 CFA.

(iii) ExPEC isolate. EXPEC isolate F11 is a uropathogenic isolate obtained
from a 20-year-old patient with cystitis (with only bladder involvement [57]). The
ability of this strain to colonize mice has been experimentally demonstrated, and
a number of virulence factors have been functionally characterized (26). This
strain is a serotype O6:H31 strain, encodes pap pili, contains the papG 1II allele,
two distinct mannose-resistant hemagglutinins (MRHA/S and MRHA/H), and
hemolysin, and has been shown to produce aerobactin (38).

(iv) EPEC isolates. E. coli E22 is a model strain used in rabbit model exper-
iments (rabbit EPEC) (7). This strain is a serotype O103:H2 strain and contains
the locus of enterocyte effacement (LEE) characteristic of strains causing at-
taching and effacing lesions (40). E. coli E110019 was obtained from an outbreak
in Finland in 1987 (66) and is notable because it lacks many of the previously
identified virulence factors for the EPEC group, including the EAF plasmid (63).
This isolate is considered an atypical EPEC isolate and is serotype O111:H9. E.
coli B171 is the prototypic member of the EPEC2 group and encodes potential
virulence factors, such as LEE and the bundle-forming pilus-encoding plasmid
EAF (GenBank accession number AB024946) (63). Additionally, this isolate is
serotype O111:NM.

(v) EAEC isolate. E. coli 101-1 was characterized as an atypical EAEC isolate
and was responsible for a large outbreak in Japan in the late 1990s (8, 24). This
strain contains few classic EAEC virulence factors, as determined by DNA
hybridization (8); however, the nature of this isolate suggests that it has a higher
level of virulence than other EAEC isolates.

Genomic DNA genomic preparation. Precautions were taken to minimize the
possibility of genomic mutation via an increased number of passages and viru-
lence attenuation due to laboratory growth. Genomic DNA was obtained from
each E. coli isolate using the method of Ge and Taylor (15), with the following
modification. E. coli isolates were grown in Luria broth for 16 h, and the cell
biomass was used for genomic DNA isolation. The genomic DNA was quantified
by spectrophotometer and Nanodrop methods; ~30 to 40 pg was used for library
construction and closure reactions.

Sequencing of the E. coli genomes. Library construction, random shotgun
sequencing, and genome assembly were performed as described previously (51).
One large-insert random plasmid sequencing library (10 to 12 kb) and one
small-insert random plasmid sequencing library (4 to 5 kb) were sequenced for
each of the genome projects; the sequencing success rates were greater than
85%, and the average high-quality read lengths were greater than 800 nucleo-
tides. The completed genome sequences contained reads from the large- and
small-insert libraries that resulted in an average of >10-fold sequence coverage
per nucleotide for closed genomes and >7.5-fold coverage for draft genomes.
For the complete genome projects, editing, walking library clones, and linking
assemblies were used to close the remaining unsequenced regions. The Glimmer
Gene Finder (55) was utilized to identify potential coding regions, and annota-
tion and assignment of role categories were performed as described previously
(61). GenBank accession numbers for all projects are shown in Table 1.

BSR analysis. BLAST score ratio (BSR) analyses were performed as previ-
ously described by Rasko et al. (50). Briefly, for each of the predicted proteins of
a selected E. coli reference strain, we obtained a raw BLASTP score for the
alignment against itself (REF_SCORE) and the most similar protein (QUE_
SCORE) for each of the other E. coli genomes listed in Table 1. Dividing the
QUE_SCORE obtained for each query genome protein by REF_SCORE nor-
malized the scores. Peptides with a normalized ratio of =0.4 were considered
nonhomologous. A normalized BSR of 0.4 is similar to two proteins being ~30%
identical over their entire lengths (50). Normalized scores were used as an
indication of conservation (BSR, =0.8), divergence (0.4 < BSR < 0.8), or
uniqueness (BSR, =0.4) (50).
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TABLE 1. Characteristics of isolates sequenced
Pathovar Strain Serotype Virulence factors® Genome No. of Plasmid GenBank Reference(s)
status contigs accession no.
Laboratory adapted K-12 Complete 1 No U00096.2 1
Laboratory adapted W3110 Complete 1 No AP009048 19, 53
Commensal HS 09 Complete 1 No CP000802 This study
ETEC E24377A  0O139:H28 LT" ST*; CFA CS1 and Complete 1 Yes CP000800 This study
CS3
ETEC B7A 0148:H28 LT" ST*; CFA CS6 Draft 198 Yes® AAJT00000000  This study
EHEC EDL933  O157:H7 LEE, Shiga toxin Complete 1 Yes® AE005174.2 46
EHEC Sakai 0O157:H7 LEE, Shiga toxin Complete 1 Yes® BA000007.2 20
ExPEC/UPEC CFT073  06:K2:H1 MRHA/S, MRHA/H, Complete 1 No AE014075.1 67
hemolysin, aerobactin,
pap pili (X2)
ExPEC/UPEC F11 06:H31 MRHA/S, MRHA/H, Draft 88 No AAJU00000000  This study
hemolysin, aerobactin,
pap pili, and PapG III
allele
ExPEC/UPEC UTI89 Cysitis isolation; pap Complete 1 Yes CP000243.1 6
pili, PapG III allele,
iron-regulated genes
ExPEC/UPEC 536 06:K15:H31 MRHA; hemolysin, Complete 1 No CP000247.1 22
aerobactin, pap pili
EPEC E22 0103:H2 Rabbit pathogen, EAF Draft 109  Unknown  AAJV00000000 This study
plasmid, LEE
EPEC E110019  O111:H9 Atypical EPEC, LEE, Draft 115 Unknown  AAJWO00000000 This study
EAF plasmid not
present
EPEC B171 O111:NM EAF plasmid, LEE Draft 159  Unknown® AAJX00000000 This study
EAEC Ec042 0O44:H18 enterotoxin (Pet and Incomplete 7  Yes NA? Sanger
EAST), pAAF
plasmid
EAEC 101-1 untypable:H10 Heat-stable enterotoxin ~ Draft 70 Yes® AAMKO00000000 This study
production, lacks
PAAF plasmid
ExPEC/avian APEC01 O1 Avian disease-causing Complete 1 Yes CP000468.1 27

isolate, pAPECO1

¢ LT, labile toxin; ST, stable toxin; MRHA, mannose-resistant hemagglutinin.

® The draft sequences contain contigs that appear to be plasmid in origin; however, no plasmids have been closed for the projects.

¢ Strain EDL933 was sequenced with a plasmid designated pO157 (accession number AF074613) that is 92.1 kb long; there is no smaller plasmid in this isolate. Strain
Sakai was sequenced with two plasmids, pO157 (accession number AB011549) and pOSAKI1 (accession number AB011548), which were 92.7 and 3.3 kb long,
respectively. Strain UTI89 contains a 114-kb plasmid (accession number CP000244), and strain B171 contains a 68.8-kb plasmid that has been sequenced, pB171 (EAF

plasmid; accession number AB024946).
4 NA, not applicable.

Pangenome calculations. Tables containing the complete data set for the BSRs
were compiled, and then the unique and conserved gene sets were determined as
previously described (60); however, instead of using the BLAST P values, the
BSR scores with a stringent threshold of inclusion of ~>80% over the length of
the protein were used. We felt that the stringent threshold applied in this study
more accurately predicted the similarities and differences in this group of patho-
gens. The complete tables for BSR data for each genome can be obtained from
the corresponding author.

RESULTS AND DISCUSSION

E. coli HS: What makes a commensal? E. coli HS was orig-
inally isolated from a stool of a healthy laboratory scientist and
has been used as a nondomesticated E. coli isolate in a number
of human colonization studies (34, 35). In all cases, E. coli HS
has been shown to stably colonize the human gastrointestinal
tract but cause no detectable adverse effects at doses greater
than 10'° CFU (34). The utility of using E. coli HS as the
reference genome and isolate is that it provides a colonization
potential background that most laboratory-adapted isolates no
longer possess. Additionally, inclusion of this isolate provided
the opportunity to examine evolution of pathogenic E. coli on

a genomic scale by comparing its sequence to the sequences of
pathogens that were isolated from various clinical presenta-
tions. We believe that the HS genome sequence will become
the model for comparative studies in E. coli.

There are relatively few genes (94 genes) that were found
only in the HS genome and not in the other E. coli genomes
(Table 2). Sixty-four of these genes have no functional anno-
tation and are annotated as hypothetical. The unique genes
with functional annotations are either related to production of
the serogroup O9 lipopolysaccharide, a serotype not repre-
sented in the other genomes, or prophage remnants. The com-
mensal genome does not contain or lack any one specific re-
gion that we can conclusively attribute to the colonization
phenotype compared to the laboratory-adapted isolates (Fig.
1A; see Fig. S1 in the supplemental material). The E. coli HS
genome is highly syntenic with the other sequenced E. coli
genomes (Fig. 1B). While it possesses a rather small number of
unique genes, it does contain features that are shared with
each of the compared pathogenic isolates. Detailed compara-
tive examination of the genomes indicated the mosaic genome
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TABLE 2. Identification of conserved, unique, and group-specific
genes in E. coli

E. coli No. of No. of NO.' of No. of .
. Pathovar® conserved unique  group-specific
strain genes b . )

genes genes' genes'
K-12 Commensal 4,238 2,312 21 11
W3110 Commensal 4,384 2,324 31 11
HS Commensal 4,433 2,321 94 11
E24377A ETEC 5,111 2,318 246 5
B7A ETEC 5,357 2,446 256 4
EDL933 EHEC 4,863 2,327 27 122
Sakai EHEC 5,497 2,337 208 126
CFT073  ExPEC/UPEC 5,589 2,341 308 56
F11 ExPEC/UPEC 5,198 2,412 203 46
UTI89 ExPEC/UPEC 5,176 2,288 109 45
536 ExPEC/UPEC 4,734 2,347 134 46
APEC01 ExPEC/Avian 4,561 2,295 158 3d
E22 EPEC 5,575 2,343 274 5
E110019 EPEC 5,586 2,397 219 4
B171 EPEC 5,330 2,382 234 6
Ec042 EAEC 4,899 2,305 308 3
101-1 EAEC 4,812 2,356 155 4

“ Pathovar assignment is based on previous identification of the strain (see
references).

> Conserved genes are genes whose BSR is =0.8 in all isolates.

¢ Unique genes are genes whose BSR is <0.4 in all other isolates tested.

4 Group-specific genes are genes whose BSR is >0.8 in the members of the
group but <0.4 in all other isolates.

structure of the commensal species. Welch et al. first described
the mosaic E. coli genome structure based on a comparison of
three isolates (67). The inclusion of 14 additional strains in this
study further supports this conclusion. Using E. coli HS as a
reference, it is possible to rapidly identify clusters of genes that
are shared by specific isolates or pathovars and HS (see Fig. S2
in the supplemental material). Multiple examples of this mo-
saicism were found throughout the genome comparisons.

We examined a number of features that are shared by HS
and one or more of the pathogens that are thought to be
involved in colonization or virulence. Pili and fimbriae are two
mechanisms by which bacteria adhere to biotic and abiotic
surfaces. Comparisons of the genes annotated as genes encod-
ing pilus or fimbrial components in E. coli HS to genes of the
other pathogens revealed that these genes are conserved in the
genomes compared and that none of these genes are unique to
HS (Fig. 2). Conversely, when the secretion systems were ex-
amined, the results showed that E. coli HS contains two diver-
gent copies of a general secretory pathway, also known as the
type II secretion system (43). While both copies are absent in
the ETEC isolates and one EPEC isolate (E110019), one ver-
sion is conserved in the EHEC and remaining EPEC isolates,
whereas EXPEC isolates contain both copies. In E. coli HS, this
type II secretion system is not flanked by any mobile elements,
further supporting the possibility that the presence of these
pathways in certain isolates represents niche specialization and
not a random horizontal transfer event. Additionally, a non-
functional TTSS lacking all components of a functional TTSS,
designated ETT2, is present in E. coli HS (Fig. 2) (39). This
cluster is conserved in E. coli HS and the EHEC and EPEC
isolates but in no other pathovars. ETT2 has been found in
EPEC strains and also in some non-O157 Shiga toxin-produc-
ing E. coli strains (39). It was originally thought that ETT2 was
a pathogenic marker for particular isolates and that the locus
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may be used for identification of pathogenic isolates of human
and animal epidemic strains (39); however, the presence of
ETT2 in E. coli HS suggests that it is not a marker of patho-
genesis. These are only a few examples of the mosaic nature of
the E. coli HS genome.

The mosaic structure suggests that the commensal strains do
have pathogenic potential and may also act as genetic reposi-
tories for virulence factors. These factors include many factors
that were previously thought to be pathogen specific, suggest-
ing that they are (i) not strictly pathogenic features, (ii) utilized
by the commensal species for colonization, or (iii) “in transit”
through the commensal species en route to another pathogenic
isolate. Pupo et al. suggested that pathogenic E. coli lineages
may have evolved multiple times (48), and it is possible that
commensal E. coli strains act as genetic repositories with the
ability to acquire DNA from multiple sources, as well as the
ability to act as DNA donors. Acquisition of the appropriate
pathogenic features may result in transfer of the ability to
cause disease to a commensal isolate; conversely, pathogens
may be able to revert to a commensal state by loss or donation
of DNA.

ETEC. This study provides the first description of the com-
plete genome sequence of an ETEC isolate. The genome of
isolate E24377A was sequenced to completion, and enough of
the isolate B7A genome was sequenced to obtain a high-cov-
erage draft. Both isolates are verified human pathogens (Carl
Brinkley, Walter Reed Army Institute of Research, personal
communication) and contain stable and labile toxins charac-
teristic of ETEC isolates (65). One feature of the E24377A
genome is that the chromosome of this isolate is smaller than
those of other pathogenic E. coli isolates examined to date
(~4.9 Mb versus >5 Mb for EHEC and ExPEC isolates). A
smaller genome may be a characteristic of ETEC and may be
a result of the high percentage of identified insertion (IS)
elements and mobile features. The frequency of insertion and
repeated mobile features made this genome difficult to com-
plete. The presence of these elements in associated plasmids
may also provide a mechanism by which the plasmids can
integrate into or excise from the chromosome. The IS elements
that are readily identifiable and occur in multiple copies in the
E24377A genome include IS! to IS4, IS605, 1S66, 1S91, 1S605,
1S621, 1S629, 1S630, and 1S911 (http://www-is.biotoul.fr/). Ap-
proximately 4% of the genome is composed of these mobile
elements. The B7A genome does not appear to contain as
many mobile elements as the E24377A genome; however, the
high frequency of repeated elements impaired assembly and
resulted in the B7A genome having the greatest number of
contigs of any draft genome sequence (Table 1).

The chromosome of ETEC contains a unique gene cluster,
EcE24377A_2278 to EcE24377A_2297, that is responsible for
the utilization of propanediol. Propanediol can be obtained
from catalysis of fucose under anaerobic conditions, leading to
the production of ATP, an electron sink, and multiple com-
pounds diverted into central metabolism (2, 64). The use of
propanediol as a sole carbon source in Salmonella enterica
serovar Typhimurium is linked to cobalamin cofactor produc-
tion via the cobalamin-dependent propanediol dehydratase en-
zyme pathway (2, 25); however, this is a rare phenotype in E.
coli (17). It is noteworthy that in E24377A the cobalamin
biosynthetic pathway genes are adjacent to the propanediol
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FIG. 1. Gene content and synteny of the commensal isolate E. coli HS. (A) Gene conservation using E. coli HS as the reference strain. Starting
from the outside, the first circle shows the genes in the forward orientation. The second circle shows the genes in the reverse orientation relative
to the origin. The third circle shows the chi-square values, representing differences in the local G+C content. The fourth circle shows all of the
genes that are unique to E. coli HS. Circles 5 to 20 show the gene conservation in all of the other E. coli genomes compared in the following order:
MG1655, W3110, E24377A, B7A, EDL933, Sakai, CFT073, F11, UTI89, 536, E22, E110019, B171, Ec042, 101-1, and APECO01 (Table 1). The color
indicates that a gene is present (red), divergent (green), or absent (blue). Three additional regions which are unique to E. coli HS are indicated:
one phage region (~0.3 Mb) that is not shared with any of the other sequenced strains, the serogroup O9-specific region (~2.1 Mb), and one
additional cluster that is shared only with Shigella species (~2.6 Mb). (B) Gene synteny (conserved gene order) for E. coli HS and E. coli K-12.
The color indicates the level of similarity between regions, as shown by the scale on the lower right. The arrows indicate three regions of diversity
for these genomes. The upper and lower arrows indicate the unique phage and the O9 serogroup cluster. Overall, there is a great deal of synteny
between the two genomes. A similar pattern was observed for most other complete genomes; the exception was the EHEC strain EDL933 genome,
which contains a single large inversion.
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FIG. 2. Commensal features are often shared with one or more pathogens. Using E. coli HS as the reference, we identified regions, based on
the annotation or similarity to known features, that could be associated with colonization of the human gastrointestinal tract. These regions were
grouped into four general categories: pili or pilus-associated genes, fimbriae, general secretion, and type III secretion. Isolates are arranged in
vertical lines, and each horizontal group is based on a single gene or peptide. The color indicates the level of similarity; red indicates the most
similar (~100% identical), green indicates little or no similarity, and black indicates ~50% identity over the length of the sequence queried. It is
clear that some pathogenic groups have features more or less similar to features of E. coli HS. Notably, the general secretion system genes for two
separate systems are absent in both ETEC strains; however, they are present in three of four UPEC strains. The presence of one of the secretion
systems is variable in EHEC, EAEC, and EPEC isolates, and the opposite phenotype is present in the laboratory-adapted strains, suggesting that
this system may play a role in colonization.
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TABLE 3. Features of the plasmids from E24377A

Plasmid (nuclsei(z)fi des) G+C(;bo)ntent IS elements” Virulence factors
pE24377A_S 5,033 49.63 NP None, cryptic, pColE1 replicon
pE24377A_6 6,199 52.57 NP Streptomycin and sulfonamide resistance
pE24377A_35 34,367 51.62 NP Transfer capabilities
pE24377A_70 70,609 50.21 IS7 (1%), 1S2 (1), IS66 (2), 1S629 (1*) CS fimbriae
pE24377A_74 74,224 49.85 IS7 (1), IS2 (2%), 1S66 (4), IS91 (1%) EatA autotransporter

1S629 (2%)
pE24377A_79 79,237 47.27 IS1 (2%), 1S2 (2%), 1S66 (1%), 1S91 Enterotoxin A, CS3 fimbriae
(4%) 1S629 (1%)
pCOO 98,396 46.74 ND? CS1 fimbriae, EatA serine protease

“The number of copies of each IS element is indicated in parentheses. An asterisk indicates that the element contains a frameshift and/or a premature stop. NP,
no IS elements present; ND, not determined (multiple IS elements have been identified in pCOO, but most of them are not grouped with the pE24377A plasmids).

utilization gene cluster, and pathway reconstruction suggested
that a fully functional pathway is present. While propanediol
utilization genes are limited to E23477A, cobalamin biosyn-
thesis is not. Lawrence and Roth have proposed that the pro-
panediol utilization pathway was lost in an ancestor of E. coli
and Salmonella and that the reintroduction of this pathway into
these organisms was the result of a relatively recent horizontal
gene transfer event resulting in altered metabolism (33). The
role that this gene cluster plays in virulence, if any, is unclear;
it is possible that fucose is obtained from the surface of epi-
thelial cells and catalyzed.

One interesting aspect of the E24377A genome is the pres-
ence of multiple plasmids. No complete closed plasmids were
identified in the B7A genome sequence. We could identify
some plasmid contig sequences, but the high level of repeated
sequences prevented rapid closure. The only other large ETEC
plasmid whose sequence has been reported is designated
pCOO (13). Accurate closure of the E24377A plasmids was
difficult due to the presence of IS elements and repeated ele-
ments both within other plasmids and in the chromosome. The
three smallest plasmids of E24377A do not contain any IS
elements, whereas the three largest plasmids contain at least
five IS elements and multiple identical copies of some of these
plasmids (Table 3). We completed analysis of six plasmids
from E24377A whose sizes ranged from 5,033 to 79,237 bp, for
a total of 269,669 bp of extrachromosomal DNA (Table 3). The
G+C contents of the E24377A plasmids range from 47.3 to
51.6%; in contrast, the chromosome has a G+C content of
50%. Interestingly, the largest plasmid in this isolate has the
lowest G+C content (Table 3), whereas the highest G+C
content was found in the small plasmid pE24377A_6. If
pE24377A_5 is disregarded as an outlier or neutral plasmid, as
it has no identifiable phenotype and can be considered cryptic,
the G+C content is inversely correlated to plasmid size. Ad-
ditionally, the only other sequenced ETEC plasmid, pCOO
(~98 kb), exhibits a similar trend and has an even lower G+C
content, 46.74% (13). The inverse correlation of size and G+C
content may be a result of the introduction foreign DNA in the
form of more AT-rich IS or repeated elements.

The gene contents of the smaller plasmids of E24377A,
pE24377A_5 and pE24377A_6, are similar to the gene con-
tents of previously identified plasmids, and their role in patho-
genesis is questionable. Plasmid pE24377A_35 does not resem-
ble other known plasmids, with the exception of a ~5-kb
region that is shared with pE24377A_73 and other Collb-P9-

based plasmids (GenBank accession number AB021078). Pu-
tative components of a plasmid transfer system are present on
pE24377A_35 (EcE24377A_C0001 to EcE24377A_C0005 and
EcE24377A_C0028), but the complete transfer system is not
present. Plasmid transfer genes are present on all of the large
E24377A plasmids, suggesting that all these plasmids may be
required to form a functional transfer apparatus. Alternatively,
it is possible that these plasmids constitute one larger cointe-
grated plasmid that undergoes rearrangement and that the
forms that we observed in the sequencing project represented
a snapshot of the plasmid(s) in flux. The concept of a large
cointegrated plasmid in ETEC was suggested during the char-
acterization of pCOO (13) and requires further functional
examination with E24377A.

The E24377A plasmids each contain virulence factors
known to be essential to ETEC pathogenesis (65). Plasmid
pE24377A_70 encodes the fimbrial subunit required for the
CFA CS1 with only a single amino acid change compared to
the CooD precursor protein (13). pE24377A_74 encodes the
EatA autotransporter protein (45). EatA is a member of the
type V autotransporter family of secretion systems, and a sin-
gle peptide contains all of the functional information necessary
for it to cross the inner and outer membranes of gram-negative
bacteria (21). In this case, EatA is a serine protease that plays
a significant role in the virulence of ETEC. It has also been
shown by hybridization that a panel of ETEC isolates contain
plasmid-borne copies of the EatA gene (45). The final large
plasmid, pE24377A_79, encodes an additional subunit of the
CFAs, CS3, as well as heat-labile enterotoxin A (EcE24377A_
F0020). The toxin is directly responsible for the diarrhea seen
with this pathovar because it alters the ionic balance within the
intestinal epithelium and causes water to enter the lumen,
resulting in diarrhea. While the pCOO plasmid contained
these virulence factors on a single plasmid, in E24377A these
factors are on separate plasmids.

Examination of the chromosome and plasmids of E24377A
revealed a genome that is undergoing rapid change through
gene rearrangement and loss compared to the other E. coli
strains in this study. A comparison of the draft and complete
ETEC genome sequences demonstrated that regions not inun-
dated with IS elements are stable and exhibit conserved syn-
teny with other E. coli strains; however, it must be acknowl-
edged that ETEC appears to be a pathovar in genetic flux.

EHEC and EPEC. EHEC and EPEC both cause attaching
and effacing lesions in the gastrointestinal tract; the former has



6888 RASKO ET AL.

a tropism for the colon, while the latter resides in the small
intestine (29). In both pathovars virulence is driven mainly by
the genes in the LEE (40). The LEE is composed of ~41
genes, which are distributed in five distinct transcriptional units
designated LEE1 to LEES (see Fig. S4 in the supplemental
material). The gene contents at this locus are almost identical
in these two pathovars, and the majority of the diversity is in
LEES, specifically in the genes encoding the Tir (translocated
intimin receptor) and intimin proteins, which function as a
receptor-ligand pair. LEE1 to LEE4 contain the structural and
regulatory genes involved in the synthesis of a TTSS which
secretes Tir into eukaryotic cells. Tir then inserts into the
eukaryotic membrane and acts as the receptor for intimin,
which then mediates the “intimate attachment” (31). Since this
locus is highly conserved in these pathovars, we expected and
found that all the EHEC and EPEC isolates contained the
LEE genes (see Fig. S4 in the supplemental material).

The number of unique genes found in each of the EHEC
isolates analyzed mainly reflects a difference in the annotation
strategies that were employed for them (20, 46). For example,
the Sakai genome contains approximately 10 times more
unique genes than the EDL933 genome (Table 2); however,
many of the genes are small (<100 nucleotides) and are not
present in the EDL933 genome annotation, suggesting that the
difference is not biological but rather is a result of the gene-
finding algorithm used. In contrast, genes shared by the two
EHEC isolates in this study exhibited the greatest level of
genomic similarity with the greatest number of shared genes,
which suggests that there is a common evolutionary history
(Table 2) (58, 71). Interestingly, ~43% of the genes are pro-
phage or phage-related genes (see Table S1 in the supplemen-
tal material). The presence of such a high proportion of phage
genes confirms the important role that phages have played in
the evolution of this pathogen (32, 47).

The TTSS utilized by EHEC and EPEC has been shown to
secrete a number of effectors not encoded in the LEE (70). A
recent study by Tobe et al. (62) identified a number of secreted
EHEC effectors, and many of these non-LEE-encoded se-
creted effectors were associated with phage and prophage. The
identification of conserved phage genes in the EHEC isolates
(see Table S1 in the supplemental material) with no other
functional annotation may suggest that these genes are being
maintained in EHEC and in some cases encode secreted ef-
fectors required for pathogenesis. Because EHEC, EPEC, and
Citrobacter rodentium (a model organism that causes attaching
and effacing lesions in mice) have similar TTSS, we wanted to
determine if the secreted effectors identified in EHEC were
being conserved (9, 62). Our analysis demonstrated that the
EHEC, EPEC, and C. rodentium isolates do not exhibit a
consistent profile with respect to conservation of the secreted
effectors (Fig. 3). Thus, it is not clear if each isolate contains a
distinct repertoire of effectors and how this may affect patho-
genesis. EXPEC isolates did not contain any of the secreted
effectors (not shown), whereas a small but distinct group of
effectors were conserved in the commensal and laboratory-
adapted isolates. In the commensal and laboratory-adapted
strains these effectors may represent distant homologs of the
secreted effectors retained in phage and phage remnants. The
two EAEC isolates exhibited different profiles for the secreted
effectors (Fig. 3), which may reflect the presence or absence of
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a functional TTSS in these isolates, as suggested by Harrington
et al. (18). It appears that there is some conservation of se-
creted effectors in isolates that maintain a TTSS, but these
secreted effectors are not maintained in strains unable to se-
crete them. A significant number of secreted effectors are
present in the other pathogenic E. coli strains that contain a
functional TTSS (i.e., EPEC isolates), whereas strains thought
to lack the TTSS (uropathogenic E. coli [UPEC], commensal,
and laboratory-adapted strains) do not contain as many similar
peptides, suggesting that the genes encoding these peptides are
not maintained in the genomes when the peptides are not
being secreted. Interestingly, while the EAEC strains are
thought to contain an active TTSS, they do not seem to contain
the same repertoire of secreted effectors.

No complete closed EPEC genome is available; however,
the sequence of isolate E2348/69 should be released in the near
future (http:/www.sanger.ac.uk/Projects). Analysis of the se-
quences in this study revealed that the draft genomes of the
EPEC isolates contained more than 200 unique genes com-
pared to the current data set (Table 2). In contrast to EHEC,
relatively few pathovar-specific genes were identified in the
EPEC isolates (Table 2), suggesting that the EPEC isolates,
while having similar clinical definitions, harbor diverse molec-
ular mechanisms. Many of the pathogenesis-related genes (i.e.,
the LEE region) are shared with EHEC; however, the EHEC
pathovar appears to be younger, either from an evolutionary
standpoint or in terms of clinical identification (68).

Analysis of unique genes in each of the two pathovars re-
vealed that while the pathogenesis is similar for the two groups,
their evolutionary paths may not be similar (Table 2). EHEC
isolates appear to be evolving along a similar evolutionary
path, as indicated by the greatest number of group-specific
genes and a relatively low number of unique genes in each
genome, when annotation strategy is accounted for. In con-
trast, EPEC may be utilizing multiple molecular mechanisms
to achieve similar pathogenic outcomes, as the numbers of
group-specific genes are among the lowest in genomes and yet
the numbers of unique genes are relatively high. Alternatively,
it is possible that the EHEC isolates are defined by very re-
strictive criteria, whereas the EPEC criteria are encompassing
and thus the diversity observed is a result of the diffuse clas-
sification of this group of pathogens.

EAEC. Comparison of the EAEC genomes revealed a pat-
tern similar to that observed with EPEC; there are a significant
number of unique genes in each genome and very few con-
served pathovar-specific genes (Table 2). This was expected as
Ec042 is the EAEC type strain and causes disease in the ma-
jority of volunteers (41), whereas isolate 101-1 is labeled “atyp-
ical” as it does not possess the pAA plasmids or the aggrega-
tion adherence fimbriae that are used to type EAEC isolates
(24). A number of toxins have been implicated in the patho-
genesis of EAEC, but most of these toxins have homologs in
other pathogenic E. coli strains (18). We identified a 25-kb
region of the 101-1 genome sequence that was not present in
Ec042 but contained a bundle-forming pilus-like locus similar
to that identified by Tobe et al. in the EAF plasmid from B171
(63) (see Fig. S5 in the supplemental material). Western blots
of whole-cell lysates grown under various medium conditions
and probed with anti-bundle-forming pilus antibodies did not
detect an antigenically similar pilus (D. A. Rasko, unpublished
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FIG. 3. Secreted effector molecules identified by Tobe et al. (62) identified in other E. coli genomes. The BLAST identity is shown as a heat
map constructed using the functionally and bioinformatically identified secreted effector molecules from the EHEC isolate E. coli Sakai. Red
indicates a higher level of similarity, and green indicates a lower level of similarity.

data). This is not surprising considering the low level of con-
servation between the EPEC and EAEC gene clusters and the
lack of any similarity between the fimbrial subunits. The novel
fimbriae may act as the initial adhesin in the absence of the
aggregation adherence fimbriae; however, this hypothesis
should be functionally examined. A region adjacent to the
novel fimbriae contains the AatBA gene cluster (see Fig. S5 in

the supplemental material), which encodes gene products re-
sponsible for the secretion of dispersin, a small peptide re-
quired for transit of EAEC across the epithelial layer during
infection (42). While there are intriguing hints and a large
number of unique genes to functionally characterize, it is not
immediately obvious from the genome data why the 101-1
isolate caused an outbreak.
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FIG. 4. Conserved core, unique, and pangenome calculations for E.
coli. (A) Each point indicates the number of genes that are conserved
in genomes. The red line shows the exponential decay model based on
the median value for conserved genes when increasing numbers of
genomes were compared. (B) Decreasing number of unique genes in a
genome with increasing number of genomes compared. The red line
shows the exponential decay model based on the median value for
unique genes when increasing numbers of genomes were compared.
(C) Pangenome of the species E. coli. The extrapolated curve contin-
ues to increase, and thus E. coli has an open pangenome.

E. coli conserved core genome. Comparative genome analy-
sis performed with the 17 genomes provided a glimpse of the
genetic diversity within the species E. coli. Examination of the
number of genes in each of the 17 E. coli genomes revealed
that the isolates have a genome size of 5,020 * 446 genes
(mean = standard deviation). Using the BSR analyses (50), we
calculated that the “conserved core” genome size (the genes
that are highly conserved in all 17 isolates) is 2,344 *+ 43 genes
(mean = standard deviation) (Table 2). The exponential decay
model shown in Fig. 4A suggests that the number of conserved
core genes is approaching an asymptote with the comparison of
17 genomes. The model is based on the median number of
conserved genes in each of the permutations of genome com-
parisons and predicts that the number of core genes in E. coli
is approximately 2,200 genes (Fig. 4A). Examination of the
functional annotation of these genes suggests that the con-
served core genes encode mostly core metabolic processes.
Previous comparative genome microarray hybridization-based
analysis using 22 isolates with an incomplete array data set
indicated that the “conserved core” of the E. coli genome
included approximately 2,800 genes (14). Additionally, Chen et
al. used bioinformatics methods to determine that the core
genome size of E. coli was 2,865 genes (6). This number was
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derived from a data set consisting of the genomic contents of
seven isolates, two of which were Shigella flexneri isolates (6).
While the core genome values obtained in previous studies
correlate well with our current model, the smallest number of
genes in the conserved core was identified by the current anal-
ysis. It must also be noted that in the current study also the
most stringent threshold for inclusion was used.

Unique gene identification. The pangenome analysis also
identified truly unique genes (TUG), i.e., the genes present
only in the reference genome and not in any of the other
genomes (Table 2). The number of TUG ranges from ~20 in
the laboratory-adapted isolates to more than 300 depending on
the genome used as the reference. The mean number of TUG
found in our E. coli genome data set is 176 = 95. The large
deviation from the mean is indicative of the high degree of
variation within E. coli, as well as the fact that not all isolates
have similar clinical presentations. We also applied the expo-
nential decay model to the identification of unique genes using
the median value (Fig. 4B). Application of this model resulted
in a value of ~300 TUG per new genome sequenced and more
accurately represented the data set. The use of the median for
the exponential decay model minimizes the effect of comparing
the genomes of isolates with similar origins. As expected, the
majority of the TUG do not have a functional annotation, and
thus they may represent novel biosynthetic or pathogenic fea-
tures.

Two isolates, CFT073 and Ec042, contain the greatest num-
ber of unique genes (308 TUG) (Table 2). This finding was
anticipated, as UPEC (ExPEC) isolates have long been known
to have greater genetic diversity, mostly due to multiple patho-
genicity and/or genomic islands (11, 38, 67). The identification
of EAEC as a group with significant diversity was unexpected.
Our understanding of the genetic diversity within the EAEC
group is limited. Most typical EAEC isolates are known to
contain a large virulence plasmid (18, 23). However, the large
number of TUG in each EAEC isolate in the present study
(308 TUG in isolate Ec042 and 155 TUG in isolate 101-1)
suggests that chromosomal differences may also play a role in
pathogenesis. Identification of the unique genes in EAEC may
provide targets for further functional studies on the pathogen-
esis of this emerging group of pathogens. The unique genes
identified in each isolate may not always represent the viru-
lence factors of the group, as these genes could be shared with
isolates having a similar clinical origin.

Pathovar shared gene content. The current data set for 17 E.
coli genomes contains at least one genome sequence from each
of the E. coli pathovars identified, providing a unique oppor-
tunity to identify pathovar-specific genes (Table 2). Surpris-
ingly, there are fewer pathovar-specific genes (genes conserved
within pathovar isolates that are not found in any other isolate)
than we anticipated. Only the EHEC genomes contain a sig-
nificant proportion of pathovar-specific genes, more than 120
genes (see Table S1 in the supplemental material). Of the
genes that are unique to EHEC, 43% are associated with
prophage and phage elements, confirming that phages have
played a significant role in the evolution of this pathovar (58,
69, 71). The phage regions may carry genes encoding as-yet-
unidentified toxins or virulence factors. In contrast, 11 or fewer
pathovar-specific genes could be identified in the isolates be-
longing to the commensal or laboratory-adapted ETEC,
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EPEC, and EAEC groups. This suggests that while these iso-
lates are grouped as members of pathovars, there is significant
genetic heterogeneity within the groups, which is most likely a
reflection on how these isolates cause disease.

The EXPEC genomes share a significant level of similarity,
suggesting that outside the gastrointestinal tract E. coli utilizes
common molecular mechanisms. One exception to this obser-
vation is the avian E. coli isolate, which shares three genes with
the other EXPEC isolates (27, 28). This indicates that the avian
pathogenic E. coli strain has a distinct genetic repertoire for
colonization and infection of avian species that is not required
for infection of humans. In general, these comparisons suggest
that E. coli pathovars are not distinct on the molecular level,
with the exception of EHEC and (to a lesser extent) EXPEC, or
that E. coli, as a pathogen, is a “generalist” having the genetic
potential to colonize and infect humans. Conversely, the
genomic data set has outliers such as EAEC isolate 101-1 and
EPEC isolate E110019, both of which are considered “atypi-
cal.” Thus, identification of pathovar-specific genes using an
atypical isolate and a typical isolate may represent a biased
comparison. More typical and atypical isolates need to be
examined on the molecular level to accurately determine the
genomic boundaries of the pathovar designations.

Pangenome of E. coli. In contrast to previous pangenome
studies, which examined closely related clinical groups of Strep-
tococcus and found a limited number of novel unique genes in
each genome (60), we observed a much broader range for the
number of unique genes when we examined a group of clini-
cally unrelated isolates. The E. coli isolates included in this
study represent a broad sample of the diverse pathogens that
comprise this species and are not a narrowly defined group of
clinical isolates. We used a methodology similar to that of
Tettelin et al. for determination of the pangenome (60). The
trend for the data is continual addition of new genes with each
newly sequenced genome (Fig. 4C), and thus, the pangenome
of E. coli is considered open. An open species pangenome
indicates that the species is still evolving by gene acquisition
and diversification. Our calculations suggest that the E. coli
pangenome has a reservoir consisting of more than 13,000
genes. This number has tremendous implications in terms of
the diversity and pathogenesis of the species E. coli and its
ability to colonize and cause disease in the human host.

In this study we analyzed the genome contents of 17 E. coli
isolates, including 8 new isolates which represent three patho-
vars that had not been sequenced previously in addition to a
true commensal, E. coli HS. This study identified novel ge-
nome features and potentially novel pathogenic mechanisms
by using comparative genomics. Approximately one-half of the
genome content of any E. coli isolate represents the “core
conserved” genome. The open pangenome of the species E.
coli indicates that continued sequencing should result in iden-
tification of ~300 novel genes per genome. The complete se-
quence of a commensal, E. coli HS, revealed significant ge-
nome mosaicism between a pathogen and a commensal, as
features previously thought to be pathogen associated or re-
stricted to pathogens were identified in the commensal ge-
nome. This has significant implications for the evolution of
pathogenic E. coli, in that members of the commensal micro-
flora may act as genetic sinks and the interaction of “precur-
sor” pathogen species with commensals may allow develop-
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ment of fully pathogenic isolates via horizontal gene transfer.
The E. coli HS genome represents the new reference sequence
for pathogen comparison, and data for this genome will be the
basis for functional work for years to come.
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