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perspective, it is important to note that many of the
regions of the K-12 chromosome without counterpart in
O157:H7 correspond to those previously noted islands
of atypical base composition. It is believed that these 
odd sequences come from the occasional transfer of 
DNA from other species and integration into the E. coli
chromosome, known as horizontal transfer. The strange
base composition of these sequences is due to a high
degree of variability in this characteristic between
bacterial families. It is also significant that many of the
K-12 islands are found at the same position in the
chromosome as O157:H7-specific islands, and these also
have atypical base composition. Taken together, these
observations suggest that the elements specific to each
strain accumulated over time by repeated horizontal
gene transfer, frequently with successive transfers 
of different elements into the same slot of the core
chromosome, descended from the common ancestor of
all E. coli strains.

The fate of horizontally transferred sequences depends
on their cost or benefit to the bacteria, with those that
provide an obvious advantage under a wide variety of
conditions expected to increase in frequency in the
population and over long periods of time to evolve a 
base composition typical of the species, a process referred
to as amelioration. The fact that we can recognize so
many atypical sequences in the islands differentiating
these closely related E. coli strains suggests that many of
these horizontally transferred regions are temporary
residents of the genome or provide an advantage specific
to conditions encountered by particular strains.

� More E. coli genomes
The publication of a 5.2 Mbp genome of the pyelo-
nephritis-associated E. coli strain CFT073 cemented these
views, and comparisons with an O157:H7 and K-12
genome easily reveals close to 3,000 genes encoded in
stretches of the chromosome common to all three strains.
However, the comparison also reveals more than another
million base pairs of DNA not found in either of the
other strains. Here, a phylogenetic perspective is helpful.
E. coli K-12 and O157:H7 are more closely related to
each other than either is to this extraintestinal strain.
Again, although the island contents differ, we find many
of the same chromosomal sites reused to house these
strain-specific elements. Among the most notable
observations is the lack of a type III secretion system
encoded in this genome, given the apparent ubiquity of
these systems in Gram-negative pathogens. There are,
however, a number of previously unknown toxins and
adhesions to fuel further research on the molecular basis
of pathogenesis in the human urogenital tract. There is
an ongoing project to sequence the genome of RS218, a
quite different pathogen closely related to CFT073.
RS218 is associated with neonatal septis and meningitis,
and comparisons with existing sequences should reveal

genes common to both extraintestinal pathogens, but
not found in diarrhoeagenic or commensal strains, and
identify genes responsible for distinct aspects of their
diseases.

The year 2003 also saw the publication of two
genomes from S. flexneri. Molecular phylogenetics has
clearly demonstrated, and it is now widely accepted, that
Shigella are members of the species E. coli. This is clearly
borne out by comparisons of the S. flexneri sequences with
the other sequenced genomes. However, one thing was
quite different – the rate of genome rearrangement is
much higher than observed in previous comparisons.
There are at least 15 rearrangements between the two
Shigella genomes, and nearly all inversions are bounded
by insertion sequences which are abundant in these
genomes. In contrast, among all previous comparisons,
there is only one apparent inversion event bounded by
cryptic prophage in one of the two O157:H7 genomes.

� Even more E. coli genomes?
There is no reason to think that interest in sequencing
additional E. coli genomes is waning. There are a number
of important pathogen lineages, such as those with a K1
capsular polysaccharide, enteroaggregative E. coli,
enteropathogenic E. coli, and other Shigella species with
sequencing projects underway and other significant
groups remaining. The existing data raise important
questions about the levels and mechanisms generating
and maintaining genome variability within and between
E. coli populations that will require substantial genome-
scale sequence information to resolve. The abundant
genetic, biochemical and physiological data for E. coli,
emerging results from high-throughput microarray and
proteomic experiments and computational models of
whole-cell physiology promise future development of
this system. By leveraging the strength of E. coli as a
model organism and comparing processes across strains
of varying levels of relatedness and different lifestyles we
can adopt E. coli as a ‘model bacterial species’ where we
can begin to dissect the complex processes involved in
diversification of bacterial species. 
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�
E. coli is notorious for two reasons; first, many
people have encountered one or more of the
nasty strains responsible for gastrointestinal

disease or urinary tract infection, and second, tamed to the
Petri dish in the 1920s, the K-12 strain became a favourite
of geneticists and molecular biologists who discovered
and elaborated fundamental genetic and biochemical
processes by studying this organism. The realization that
basic cellular activities such as metabolism, DNA repli-
cation and gene expression are achieved using homo-
logous systems in organisms as different as bacteria and
man led to extensive investigation of their molecular
basis in E. coli, owing to its easy manipulation in the lab.
In this way, E. coli, along with other experimentally
tractable organisms such as fruit flies and yeast, became
premier ‘model organisms’; systems where scientists
could extract maximal information about critical
processes with minimal experimental effort.

Not surprisingly, E. coli K-12 was among the first
organisms targeted for complete genome sequencing 
due to its prominent role as a model organism and
industrial tool. Genomes of additional strains of E. coli
have been sequenced because of their impact on human
health. Comparisons of these genomes revealed the
genetic diversity underlying the phenotypic diversity of
this species. Gene gain and loss is extensive, providing
different lineages with distinct metabolic, pathogenic
and other capabilities. The variable regions identified
through comparative genomics are serving as candidates
for further research on the evolution, epidemiology 
and molecular biology of E. coli. As more E. coli genome
sequences accumulate, we continue to discover new genes
in the population. Ongoing genome projects directed at
additional distinct pathogenic E. coli will provide an
even richer data set. Perhaps the future of E. coli as a
model organism is E. coli as a model bacterial species.

The E. coli K-12 strain MG1655 genome sequence was
published in 1997. It marked the culmination of a
project that spanned the transition from tedious radio-
active methods to automated fluorescent sequencing and
other technological innovations, advancing genome
sequencing in general and the efficient completion of
additional E. coli genomes. In 2001, two sequences were
published for enterohaemorrhagic E. coli strains of the
serogroup O157:H7, one isolated from a contaminated
ground beef lot associated with a disease outbreak in the
US and the other from the single largest reported
outbreak of all time, a 1996 incident involving school
lunches in Japan. In 2003, genome sequences were
published for an E. coli strain (CFT073) associated with
urinary tract infections and two strains of Shigella flexneri
serotype 2a (2457T and 301).

� Radical differences among genomes
A comprehensive understanding of the commonalities
and differences among these genomes has not yet been

achieved, in large part because of the massive amount of
genomic variability within the species. Even before the
first E. coli genome was complete there was substantial
knowledge of conservation in function, regulation 
and chromosomal positions of genes involved in core
processes like central metabolism, transcription and
translation as well as examples of genes responsible for
differences between strains, often contained on mobile
genetic elements such as plasmids. As larger pieces of the
K-12 DNA sequence became available, examination of
patterns in DNA sequence composition and codon usage
revealed evidence of atypical ‘islands’ nestled among 
well studied genes. Despite evidence hinting at the
variability within this species most researchers did not
expect the magnitude of changes observed when com-
pared with the next E. coli genomes. 

The two E. coli O157:H7 genomes come from very
closely related strains and, as expected, their genomes are
extremely similar. However, comparison of either O157:
H7 sequence to E. coli K-12 reveals that an extraordinary
amount of gene loss and gain has occurred since these
strains last shared a common ancestor roughly 5 million
years ago. The 5.5 million base pair (Mbp) O157:H7
genome is nearly 1 Mbp larger than the 4.6 Mbp E. coli
K-12 sequence. This much was evident in advance of
genome sequencing. What was more surprising was
while roughly 4.1 Mbp of the chromosome was very
similar (~98.5 % identical) between either O157:H7
and K-12, this conserved ‘backbone’ was punctuated
with hundreds of ‘islands’ of sequences specific to one
strain or the other. 

For example, O157:H7 strain EDL933 has over
1.4 Mbp of DNA without a counterpart in the K-12
genome, and these sequences are found clustered into
177 regions ranging from 50 to nearly 90,000 bp in
length. Among more than a thousand genes encoded in
these islands are some that were previously associated
with O157:H7 virulence and many new candidate
pathogenicity factors, such as iron utilization and host-
cell adherence-associated genes, that are now under active
investigation. A surprising discovery was two large
islands, each containing (nearly identical, apparently
functional) genes encoding urease – and this in a strain
typically characterized by its lack of urease activity in
clinical assays. A large fraction of the genomic differences
can be accounted for by the activity of mobile genetic
elements. Nearly 40 % of the O157-specific elements are
found in one of at least 18 cryptic prophage or the one
intact bacteriophage (933W). Interestingly, some of the
most characteristic virulence genes of O157:H7, those
for the Shiga-like toxins, are encoded within phages and
evidence is mounting for additional phage-associated
virulence determinants.

� Horizontal gene transfer
If we consider the comparison from the E. coli K-12
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As more genome
sequences of
different strains 
of E. coli are
completed,
researchers are
finding a surprising
variability.


