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The mechanisms underlying the evolution and emergence of new
bacterial pathogens are not well understood. To elucidate the
evolution of pathogenic Escherichia coli strains, here we
sequenced seven housekeeping genes to build a phylogenetic
tree and trace the history of the acquisition of virulence genes.
Compatibility analysis indicates that more than 70% of the
informative sites agree with a single phylogeny, suggesting that
recombination has not completely obscured the remnants of
ancestral chromosomes1±3. On the basis of the rate of synonymous
substitution for E. coli and Salmonella enterica (4.7 ´ 10-9 per site
per year3), the radiation of clones began about 9 million years ago
and the highly virulent pathogen responsible for epidemics of
food poisoning, E. coli O157:H7, separated from a common
ancestor of E. coli K-12 as long as 4.5 million years ago. Phyloge-
netic analysis reveals that old lineages of E. coli have acquired the
same virulence factors in parallel, including a pathogenicity
island involved in intestinal adhesion, a plasmid-borne haemoly-
sin, and phage-encoded Shiga toxins. Such parallel evolution
indicates that natural selection has favoured an ordered acquisi-
tion of genes and the progressive build-up of molecular mecha-
nisms that increase virulence.

To elucidate the evolution of virulence and pathogenic mecha-
nisms, we studied 14 strains representing common clones of
enteropathogenic E. coli (EPEC), an important cause of infantile
diarrhoea in the developing world, and enterohaemorrhagic E. coli
(EHEC), one of the primary food-borne pathogens in the indus-
trialized world4. In addition, we examined strains of other Shiga-
toxin-producing E. coli serotypes and laboratory strain K-12. Seven
housekeeping genes spaced around the E. coli chromosome (Fig. 1)
were chosen for nucleotide sequencing. Five of these loci (icd, mdh,
mtlD, pgi and aroE) have been shown to be polymorphic by enzyme
electrophoresis5. In addition to these genes, we sequenced rpoS, a
gene encoding sigma factor 38, which is involved in stress response,
and arcA, a gene encoding the regulatory protein involved in the
control of aerobic respiration. In the 21 E. coli strains studied,
variation per locus ranges between 1% and 8% at both the nucleo-
tide and the amino-acid level (Fig. 1).

Our ®rst step in the phylogenetic analysis was to use the multi-
locus sequence data to reconstruct the evolutionary history of the
pathogenic clones. This is complicated by the fact that recombina-
tion, in addition to mutation, contributes to clonal divergence1,3. In
nature, as a bacterial lineage accumulates mutations, bits of the
genome are replaced by recombination, resulting in DNA sequences
that consist of a clonal frame (relic of the ancestral chromosome)
interrupted by recombined segments2. To detect the effects of
recombination on sequence divergence, we analysed the compat-
ibility matrix6 of polymorphic nucleotide sites in the housekeeping
loci. Two sites are compatible if a phylogeny exists in which all
nucleotide changes at the sites can be inferred to have occurred only
once. Incompatible sites require several changes, indicating that
these sites have experienced recombination or repeated mutation.
Figure 2 plots the compatibility matrix between all pairs of 201
binary sites (informative sites that have only two different
nucleotides6) identi®ed in a total of 5,664 bases sequenced in 21
strains. The observed compatibility is 74%, compared with 37% for

randomized matrices in a star phylogeny, and the neighbourhood
similarity (the fraction of adjacent squares of the same colour) is
77%. For comparison, this value signi®cantly exceeds the neigh-
bourhood score (67%) obtained for 1,000 randomized matrices
where the positions of sites are shuf¯ed each time.

The total compatibility can be separated into two components: a
`within-locus' component based on the comparison of pairs of sites
at the same locus (the fraction of coloured squares within the
triangular regions of Fig. 2), and a `between-locus' component
based on the comparison of sites at different loci (the fraction of
compatible pairs in the rectangular regions in Fig. 2). In general,
there is a positive relationship between the within- and between-
locus compatibilities (Fig. 2b). Overall, 85% of the pairs of sites
within a locus are compatible, compared with 71% of the pairs at
different loci. This observation indicates that even sites that are
widely spaced on the bacterial chromosome retain similar phylo-
genetic information.

The plot of the compatibility matrix reveals two regions with a
high concentration of incompatible sites (Fig. 2); blocks such as
these are the hallmarks of past recombination6. One region includes
a 42-nucleotide stretch starting at codon 317 in mtlD. The removal
of the ten polymorphic sites in this segment increases the average
between-locus compatibility to 72% (Fig. 2b). The second region is
a cluster of eight polymorphic sites at the 39 end of icd. These sites
reside on a DNA segment directly downstream from the insertion
site of a naturally occurring bacteriophage7. When this 129-base pair
(bp) segment is excluded from the analysis, the within-locus
compatibility for icd increases from 73% to 86% (Fig. 2b). The
removal of both incompatible regions increases the overall compat-
ibility of sites from 74% to 78%.

What is the quality of the phylogenetic signal? To address this
question, we used the method of split decomposition, which does
not force the data into a tree-like phylogeny. Instead, this method
allows for and thus can detect con¯icting phylogenetic
information8. This method is particularly useful in situations
where a bifurcating tree is an inappropriate evolutionary model,
such as for viral quasispecies9 or bacterial populations with high
rates of interstrain gene transfer10. In these cases, split decomposi-
tion results in a mesh-like network of interconnected nodes re¯ect-
ing the reticulate nature of their evolution.

Split decomposition of the multilocus sequence data shows that
the clonal frames of the pathogenic E. coli are connected in a
network that is more tree-like than mesh-like (Fig. 3a). Six nodes
are simple bifurcations and two nodes are multifurcations. There is
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Figure 1 Genomic locations and variability of E. coli housekeeping genes. a, Location of 7

genes on the 100-minute map of the E. coli chromosome. The genes are clockwise as

follows (protein, minute on map): icd (isocitrate dehydrogenase, 25) rpoS (sigma factor

38, 59), mdh (malate dehydrogenase, 73), aroE (shikimate dehydrogenase, 74), mtlD

(mannitol 1-phosphate dehydrogenase, pgi (phosphoglucose isomerase, 91) and arcA

(aerobic respiratory control protein, 99). The number of codons sequenced is given next to

each locus. b, The percentage of variable positions at the nucleotide (black bars) and

amino-acid level (white bars).
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only one case of parallel paths, indicative of a past recombinational
exchange, which involves the relationship among E2348/69, DEC
2a, and the uropathogenic strain 536 (Fig. 3a).

Knowing that the underlying network is tree-like, we inferred a
phylogeny for the strains that were based on sequences of the six loci
(a combined total of 1,680 codons in 5 kilobases (kb)) that could be
rooted with homologous genes from Salmonella enterica. A neigh-
bour-joining tree revealed several main branches supported by
bootstrap values greater than 85% (Fig. 3b). The same groupings,
with trivial changes in topology, were found for the single most
parsimonious tree, a unrooted phylogeny based on 7 loci which
required a total of 383 mutations.

We compared the rooted phylogeny with the molecular clock
hypothesis by the two-cluster method11 to estimate the timescale
involved. Nucleotide sequence data from 15 of the 21 strains ®t the
molecular clock; the most notable exception was strain K-12, which
had a signi®cantly longer branch than expected. To infer a timescale
for the radiation of clones, we used the rate of synonymous
substitution for E. coli and S. enterica of 4.7 ´ 10-9 per site per
year3, which is based on a speciation date of 100 million years (Myr)
ago3. This evolutionary rate for bacterial genes lies between the rates
for nuclear genes of mammals (3.51 ´ 10-9) and Drosophila (15.6 ´
10-9)12. The amount of divergence at synonymous sites indicates
that the E. coli clonal frames trace back to a common ancestor that
existed about 9.0 (8.1±9.9) Myr ago. It also indicates that the
lineages destined to give rise to E. coli K-12 and O157:H7 separated
about 4.5 (3.9±5.0) Myr ago.

The clonal phylogeny derived from multilocus sequencing is
concordant with previous ®ndings that were based on enzyme
electrophoresis5. Three of the four pathogenic groups (EHEC 1,
EHEC 2, and EPEC 1) are supported by bootstrap values greater
than 85% (Fig. 2b). Members of the EPEC 2 group cluster together,
but only two strains (DEC 11a and DEC 12a) have signi®cant
bootstrap support. The phylogenetic analysis also shows that the
E. coli O55:H7 clone shares a recent common ancestor with E. coli
O157:H7 (Fig. 3b) and is consistent with other features of the
stepwise model for the evolution of this pathogen13.

Comparison of the distribution of speci®c genes that mark

mobile elements associated with virulence (Table 1) supports the
hypothesis that the high virulence of clones is a recent, derived state
resulting from acquisition of virulence genes rather than an ances-
tral condition of primitive E. coli. The principal virulence factors
and their mobile elements include the intimin gene (eae) encoded
on a ,35-kb pathogenicity island called LEE (locus of enterocyte
effacement); Shiga toxin genes (stx1 and stx2) associated with
bacteriophages; an enterohaemolysin gene (ehly) and catalase
(katP), both of which occur on a ,90-kb EHEC plasmid14; and
the main pilin subunit (bfpA) encoded on the EAF (EPEC adherence
factor) plasmid. Stx genes and their bacteriophages are widely
disseminated in the E. coli population15 and virtually identical stx
sequences have been recovered from a variety of strains, indicating
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Figure 2 Compatibility of nucleotide polymorphisms. a, Lower triangle is a plot of all

pairwise comparisons of 201 informative sites that are phylogenetically compatible within

loci (solid colours) or between loci (blue). Incompatible pairs of sites are marked with a

black square. The locations of the polymorphic sites within a locus are marked on the

diagonal elements. For each locus, the number of informative sites is given in

parentheses. The arrows mark two regions where incompatible sites within a locus are

clustered along the sequences. These regions include 10 informative sites in mtlD and 8

sites in the 39 end of icd. b, Average level of compatibility within and between loci shows

that sites in mdh and rpoS have the greatest compatibility, whereas sites in pgi show the

least compatibility. The lines show the effect of the removal of the incompatible regions in

icd and mtlD.

Table 1 Virulence factors in pathogenic E. coli detected by PCR

Chromosomal* Plasmid²

Strain Serotype eae stx1 stx2 ehly katP bfpA
.............................................................................................................................................................................

DEC5d O55:H7 g - - - - -
5905 O55:H7 g - + - - -
493/89 O157:H- g - + + - -
93-111 O157:H7 g + + + + -
OK-1 O157:H7 g + + + + -
921 O111:H9 + - - - - -
2666-74 O26:H- b - - + - -
CL-37 O111:H8 + + - + - -
DEC8b O111:H8 + + + + - -
90-1787 X03:H- - - + - - -
CL-3 O113:H21 - - + - - -
G5506 O104:H21 - - + + - -
B2F1 O91:H21 - - + - - -
B170 O111:H- b - - - - +
DEC12a O111:H2 b - - - - +
DEC11a O128:H2 b - - - - +
536 O6:H31 - - - - - -
E2348/69 O127:H6 a - - - - +
DEC 1a O55:H6 a - - - - +
DEC 2a O55:H6 a - - - - +
.............................................................................................................................................................................
* Chromosomal genes include eae (intimin) on the LEE pathogenicity island, and stx1 and stx2
(Shiga-toxins 1 and 2) encoded by bacteriophages.
² Plasmid encoded genes includes ehly (EHEC haemolysin) and katP (catalase) found on the EHEC
plasmid (pO157) and bfpA (pilin subunit of bundle-forming pili) encoded on the EAF plasmid.
³ Carries a variant ehly allele (P. Feng, personal communication).
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recent, and presumably ongoing, toxin conversion in nature. The
ehlyA sequences from E. coli O157:H7 (ref. 16) and a Shiga-toxin-
producing O111 strain17 are also very similar, differing at 0.72% of
the synonymous sites, even though these bacteria are on distant

branches (rate of synonymous substitution (dS) = 6.2%) of the
clonal phylogeny (Fig. 3b). For both phage-borne Stx genes and
EHEC plasmid-borne ehly genes, the occurrence of nearly identical
sequences in distantly related clones is indicative of recent hori-
zontal transfer of these virulence elements.

There is no comparable evidence for recent mobility of intimin
(eae) genes or the LEE pathogenicity island. Although the LEE is
rare (,10%) in E. coli from natural hosts18, it appears to have been
acquired several times. In pathogenic E. coli with a- or g-intimin,
LEE occupies a site in the selC gene19, whereas in strains with b-
intimin, LEE is found in a different genomic site in pheU20. It is
noteworthy that a-, b- and g-intimins are highly divergent in
sequence (.15%), with mosaic allele structures suggesting that
LEE has diversi®ed in situ by mutation and recombination21.

The phylogenetic analysis suggests that gain and loss of mobile
virulence elements has occurred several times, and in parallel in
separate lineages of pathogenic E. coli (Fig. 3b). At least twice
(Fig. 3b), this process involved the insertion of the LEE pathogeni-
city island into the chromosome, thereby setting the stage for
acquisition of phage- and plasmid-borne genes. In two EHEC
lineages, the process culminates with the addition of Stx genes
and the EHEC plasmid encoding virulence factors implicated in
haemorrhagic colitis. In contrast, EPEC lineages gained a different
plasmid (EAF plasmid) specifying bundle-forming pili and other
factors involved in infantile diarrhoea.

The parallel pattern of evolution suggests that there is a selective
advantage favouring the build-up of speci®c combinations of
virulence factors enabling the establishment and transmission of
new virulent clones. Some pathogenic lineages, such as E. coli
O157:H7, may be more likely than others to acquire foreign DNA
because of an enhanced ability to recombine, a secondary effect of
defective mismatch repair22. One intriguing possibility is that
molecular interactions between mobile virulence elements lead to
an ordered progression of change. This may be the case in cholera
bacteria where a ®lamentous phage that forms pili critical for host
colonization also acts as a receptor for a second phage carrying the
cholera toxin gene23. This type of direct interaction between mobile
elements would promote the emergence of new pathogenic strains
through the successive acquisition of virulence factors. M

Methods
Bacterial strains

Twenty pathogenic strains of E. coli were used as sources of DNA sequencing. The strains
represent pathogenic groups identi®ed previously by multilocus enzyme
electrophoresis5,24. The groups include enteropathogenic E. coli (EPEC), enterohaemor-
rhagic E. coli (EHEC) and Shiga-toxin-producing E. coli (STEC). Serotypes are given in
Table 1. Each strain is listed with country and year of original isolation given in
parenthesis. EPEC 1: E2348/69 (UK 1969), DEC1a (USA 1956), DEC2a (Congo 1962).
EHEC 1: 93-111 (USA 1993), OK-1 (Japan 1996), 493/89 (Germany 1989), 5906 (USA),
DEC5d (Sri Lanka 1965). EHEC 2: DEC8b (USA 1986), CL-37 (Canada 1982), 2666-74
(USA 1974). EPEC 2: DEC11a (USA 1975), DEC12a (UK 1950), B170 (USA 1983); STEC:
90-1787 (Canada 1980s), CL-3 (Canada 1980), B2F1 (Canada 1985), G5506 (USA 1994).
We also included strain 921 (Finland 1987), urinary tract isolate 536, and E. coli K-12 for
purposes of comparison.

DNA sequencing

E. coli strains were grown on MacConkey's agar overnight at 37 8C. A single colony of each
strain was transferred to 10 ml of Luria broth and grown overnight under agitation at
37 8C. Chromosomal DNA was isolated from each strain in accordance with the instruc-
tions in the Puregene DNA Isolation Kit from Gentra Systems (Minneapolis, Minn.).
Isolated DNA was stored at 4 8C.

Oligonucleotide primers were designed on the basis of published sequences of house-
keeping genes and virulence genes available in GenBank. Intimin alleles were detected
multiplex PCR25. Primers were synthesized by a Beckman 1000 oligonucleotide synthesizer
(Beckman, Fullerton, CA) Template DNA for cycle sequencing was obtained through
ampli®cation for 30 cycles as follows: 94 8C for 1 min, 53 8C for 2 min, and 72 8C for 2 min
with an initial denaturing step of 94 8C for 5 min. The PCR products were puri®ed with
Qiaquick spin columns (QIAGEN, Valencia, CA) and suspended in the supplied elution
buffer to suitable concentrations, as determined by agarose gel electrophoresis.

Cycle sequencing was performed with a Prism Ready Reaction DyeDeoxy Terminator
Cycle Sequencing kit from Applied Biosystems. Sequencing gels were run on an Applied
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Figure 3 Phylogenetic analysis of 21 E. coli strains. a, Split decomposition graph of the

relationship of strains based on concatenated alleles for 7 loci. The pairwise dissimilarity

of the multilocus genotypes was estimated using hamming (uncorrected) distances. The

graph was plotted with all edges set to equal length. b, Rooted phylogeny of pathogenic

strains. The tree is based on concatenated sequences of 6 loci (a total of 5.0 kb) rooted

with homologous sequences from S. enterica Typhimurium. The phylogeny was

constructed with the neighbour-joining algorithm using the synonymous rate of

substitution (dS). The polymorphic codons implicated in recombination of mtlD for strain

E2348/69 were excluded from the analysis. Branch lengths are measured in terms of the

number of synonymous changes per 100 synonymous sites (dS ´ 100) and the numbers

at the nodes are bootstrap con®dence values based on 1,000 replicates. Arrows indicate

the putative acquisition events for the mobile elements encoding the virulence factors

listed in Table 1.
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Biosystems 373A automated sequencer. Raw sequences of both DNA strands were analysed
and concatenated by DNASTAR with additional internal sequencing primers designed
based on the generated sequence data. All con¯icting and putative polymorphic sites were
sequenced at least three times to reduce sequencing error.

Phylogenetic analysis

Multiple-sequence alignment of the inferred amino-acid sequences was performed with
Clustal W26. A supergene was constructed for phylogenetic analysis by concatenating the
individual gene sequences in the order: rpoS, mdh, aroE, mtlD, pgi, arcA and icd. The
program Reticulate was used to identify putative regions of recombination or gene
conversion through the construction of compatibility matrices6. A Monte Carlo approach
was used to evaluate the signi®cance of the matrices. Only binary parsimoniously
informative sites were retained with incompatible regions removed from the analysis. Split
decomposition was performed with the Splitstree program27.

Phylogenetic trees were inferred by the neighbour-joining algorithm using MEGA28 or
by the method of maximum parsimony using PHYLIP29. The phylogeny based on 6 loci
(combined total of 5,042 bp; aroE was excluded) was rooted with the homologous
sequences from S. enterica extracted from the GenBank database. In the combined
sequences, there were a total of 726 variable sites, 89 of which involved amino-acid
replacements among the 22 sequences. Among the 21 E. coli sequences, there were 216
polymorphic sites, 40 of which predict amino-acid differences. Bootstrap con®dence
values were based on 1,000 simulated trees. Linearized trees and tests of the molecular
clock hypothesis were based on the LinTree programs11. The rate of synonymous
substitution (dS) and its standard error was calculated using MEGA28. Con®dence intervals
for the divergence times were calculated from the standard errors of the genetic
distances. The divergence times for nodes in the rooted phylogeny (Fig. 3b) were based on
pair-wise comparison of 93-111 and E2348/69 (dS ´ 100 = 8.46 6 0.81), and 93-111 and
CL 37 (dS ´ 100 = 4.18 6 0.56) for the synonymous sites in 1,888 codons combined from 7
genes.
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Indirect selection of female mating preferences may result from a
genetic association between male attractiveness and offspring
®tness1,2. The offspring of attractive males may have enhanced
growth3±5, fecundity3,4, viability5±8 or attractiveness4,9±11. However,
the extent to which attractive males bear genes that reduce other
®tness components has remained unexplored. Here I show that
sexual attractiveness in male guppies (Poecilia reticulata) is
heritable and genetically correlated with ornamentation. Like
ornamentation12±14, attractiveness may be substantially Y-linked.
The bene®t of mating with attractive males, and thus having
attractive sons, is opposed by strong negative genetic correlation
between attractiveness and both offspring survival and the
number of sons maturing. Such correlations suggest either antag-
onistic pleiotropy between attractiveness and survival or linkage
disequilibrium between attractive and deleterious alleles. The
presence of many colour pattern genes on or near the non-
recombining section of the Y chromosome may facilitate the
accumulation of deleterious mutations by genetic hitch-
hiking15,16. These ®ndings show that genes enhancing sexual
attractiveness may be associated with pleiotropic costs or heavy
mutational loads.

The genetic relationships between male ornamentation, attrac-
tiveness to females and several ®tness components in guppies were
investigated. Female mate choice in this species is based on poly-
morphic male colour patterns17, and body3 and tail size. Male
attractiveness was signi®cantly heritable owing to additive genetic
contributions from sires (44 sires, 98 dams, 280 offspring;
hS � 0:596 6 0:28; P � 0:044) but not from dams (nested within
sire) (h2

D � 0:101 6 0:26; P � 0:71; combined sire and dam h2

estimate, 0:348 6 0:15, CV A � 29:75; h2
S . h2

D, P � 0:05, randomi-
zation test). Furthermore, there was a signi®cant genetic correlation
between attractiveness and ornamentation (Fig. 1), implying a
common genetic basis, probably because attractiveness is based
on ornamentation.

Predation is generally thought to be the most important deter-
minant of juvenile guppy mortality in the ®eld (12±24% survive to
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