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Escherichia coli is a model laboratory bacterium, a species that is
widely distributed in the environment, as well as a mutualist and
pathogen in its human hosts. As such, E. coli represents an attrac-
tive organism to study how environment impacts microbial ge-
nome structure and function. Uropathogenic E. coli (UPEC) must
adapt to life in several microbial communities in the human body,
and has a complex life cycle in the bladder when it causes acute or
recurrent urinary tract infection (UTI). Several studies designed to
identify virulence factors have focused on genes that are uniquely
represented in UPEC strains, whereas the role of genes that are
common to all E. coli has received much less attention. Here we
describe the complete 5,065,741-bp genome sequence of a UPEC
strain recovered from a patient with an acute bladder infection and
compare it with six other finished E. coli genome sequences. We
searched 3,470 ortholog sets for genes that are under positive
selection only in UPEC strains. Our maximum likelihood-based
analysis yielded 29 genes involved in various aspects of cell surface
structure, DNA metabolism, nutrient acquisition, and UTI. These
results were validated by resequencing a subset of the 29 genes in
a panel of 50 urinary, periurethral, and rectal E. coli isolates from
patients with UTI. These studies outline a computational approach
that may be broadly applicable for studying strain-specific adap-
tation and pathogenesis in other bacteria.

uropathogenic Escherichia coli | ecogenomics

Ithough Escherichia coli is a resident of animal intestinal tracts,
it is also well adapted to life in rivers, oceans, and soils and can
be found living at —2°C in McMurdo Bay, Antarctica (1). Because
it is easily cultured, many strain banks of natural isolates from
diverse habitats, including infected patients, are available. The
database of genetic and biochemical information for the human
gut-derived K12 laboratory strain (MG1655) is massive and has
been organized into extensively annotated transcriptional, signal-
ing, and metabolic networks (e.g., ref. 2) that serve as a foundation
for interpreting genome sequences from other strains. Finished
genome sequences are now available for the K12 strain (3), a human
uropathogen (CFTO073) (4), two enterohemorrhagic strains
(EDL933 and SAKALI) (5, 6), and two diarrhea-associated Shigella
2a strains (2457T and 301) (considered to be E. coli strains) (7, 8).
Together, all of the genes identified in these sequences have
provided an enticing glimpse of the E. coli pan-genome (4, 7, 9) and
as such serve as a starting point for developing testable hypotheses
about the mechanisms underlying the organism’s adaptations to
different habitats, including the evolution of its virulence.
Uropathogenic E. coli (UPEC) illustrates some distinctive fea-
tures of this adaptability. UPEC emerges from the distal gut
microbiota, is incorporated into the vaginal/periurethral micro-
biota, and then enters the bladder, where it attaches to and
subsequently invades superficial facet (umbrella) cells of the
urothelium (10, 11). Studies in a mouse model of human urinary
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tract infection (UTI) have shown that, once inside umbrella cells,
UPEC rapidly proliferate to form intracellular bacterial commu-
nities (IBCs) (10, 12, 13) containing thousands of microbes (12). As
an umbrella cell fills with UPEC, the growth rate and shape of the
bacteria change to produce a slowly growing, tightly packed,
intracellular biofilm comprised of coccoid-shaped organisms (12).
Later, in response to environmental cues, UPEC detach from the
IBC, become motile, exit the umbrella cell, and invade other
urothelial cells as part of a process that can lead to persistent or
recurrent UTI (12, 14). Nearly all UPEC, but few other E. coli, go
through the IBC pathway in multiple inbred strains of mice (C. K.
Garofalo, S. M. Martin, TM.H., W. E. Stamm, J.I.G., and S.J.H.,
unpublished observations).

The genetic circuitry required for IBC development by UPEC is
complex and not well understood. Several studies have focused on
genetic material uniquely represented in UPEC strains in the search
for determinants of virulence (e.g., refs. 15-18). The contribution
of genes common to all E. coli to virulence has received much less
attention (19). Recent results from a mouse model of UTI imply
that genetic screens for these “common” genes are impractical due
to numerical considerations (P. C. Seed, K. J. Wright, G. G.
Anderson, and S.J.H., unpublished observations). One alternative
approach for understanding strain-specific adaptations is sequence-
based identification of genes that are under positive selection.
Adaptation may occur via gain, loss, or modification of both coding
and noncoding genetic material. Positive (adaptive) selection will
act on any changes that contribute to fitness, increasing the fre-
quency of those changes.

A number of methods are available for detecting positive selec-
tion in DNA sequences (20, 21), although many suffer from two
problems that limit their utility: (/) selection may not act on all sites
within a gene (site variation), and (if) selection may not act
continuously or on all bacterial lineages (branch variation). Branch
variation is especially relevant for identifying strain-specific adap-
tations, because selection may act on genes only in those strains
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found in a new habitat. Recent work has begun to surmount both
of these problems (22, 23): given enough sequences from related
organisms, it is possible to detect positive selection occurring only
in a portion of a gene in a subset of the sequences. In this report,
we have used this comparative approach to understand the adap-
tations that E. coli has made to colonize and survive in the urinary
tract. Using the newly sequenced genome of UTI89, a UPEC strain
isolated from a patient with an acute bladder infection (14), we have
identified coding sequences common to all E. coli but under positive
selection only in UPEC strains. These results were validated by
using a panel of clinical E. coli strains isolated from patients with
UTI. Our computational method circumvents the technical diffi-
culties that hamper in vivo genetic screens of UPEC in mice and
may be broadly applicable to understanding strain-specific adap-
tation and pathogenesis in other bacteria.

Results and Discussion

UTI8Y contains a 5,065,741-bp chromosome and a 114,230-bp
plasmid (pUTIRY). The chromosome has a GC content of 50.6%,
5,066 predicted protein-coding genes, 8§ tRNA genes, and 22
rRNA genes. These values are similar to other sequenced E. coli
strains (Table 3, which is published as supporting information on
the PNAS web site). pUTI89 has a GC content of 51.0% and 145
predicted genes. The UTI89 genome contains four large pathoge-
nicity islands (PAls) similar to previously characterized PAIs.
Other notable features include 10 putative pilus operons and ORFs
encoding several toxins (two enterotoxins, a hemolysin, and cyto-
toxic necrotizing factor). A more detailed description of the PAIs,
the genes that produce adhesive organelles, and the plasmid can be
found in Supporting Text, which is published as supporting infor-
mation on the PNAS web site.

A functional categorization of the predicted proteome of UTI89
using Clusters of Orthologous Groups (COG) is shown in Fig. 4,
which is published as supporting information on the PNAS web site,
and a metabolic reconstruction based on the Kyoto Encyclopedia
of Genes and Genomes (KEGG) is deposited at http://
hultgren.wustl. edu/UTI89 (for similar reconstructions of the other
E. coli genomes, see www.genome.jp/kegg).

The number of shared and novel genes was calculated (Sup-
porting Text and ref. 9) for all subsets of the seven E. coli
genomes, and an exponential curve was fit to the data to predict
the number of shared and new genes that would be contributed
by additional genome sequences. The size of the E. coli core
genome (genes shared among all E. coli) is predicted to be 2,865.
Like the pan-genomes of Group A Streptococcus and Group B
Streptococcus (9), the pan-genome of E. coli is open: the number
of new genes contributed by each new E. coli genome is predicted
to be 441 genes, which is substantially higher than the 27 and 33
genes predicted to be added with each new Group A and B
Streptococcus genome (9).

Identifying Genes Under Selection in UPEC Strains. To identify genes
under positive selection in UPEC strains, we performed compar-
isons between all seven fully sequenced E. coli genomes using the
scheme outlined in Fig. 14. Identification of positive selection using
the PAML program requires an aligned set of related sequences
(orthologs) and knowledge of their phylogenetic relationships.
Reciprocal best BLAST hits in the seven genomes were assumed to
represent orthologous sequences and were aligned by using CLUST-
ALW. The phylogenetic relationship between sequences can consist
of vertical components (direct mother-to-daughter transmission)
and horizontal components (all other DNA transfers, including
gene conversion, recombination, and lateral transfer). In E. coli, a
given nucleotide difference is 10-50 times more likely to have been
caused by recombination or gene conversion (horizontal relation-
ships) than by mutation (vertical) (24, 25). Therefore, accounting
for horizontal relationships is crucial for inferring an accurate
phylogeny (26-28) for subsequent use in detecting selection (29,
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Fig. 1. Overview of the analysis and specification of foreground branches.
(A) Analysis scheme. Size of each dataset (boxes) is indicated in parentheses.
Programs used are indicated next to the arrows. See text for more details
about how datasets were generated. (Band C) Hypothetical phylogenetic tree
to indicate branch specification. UPEC strains are boxed. Evidence for positive
selection was evaluated in specific lineages (termed foreground branches). B
shows the sets of UPEC-specific foreground branches used: (i) UTI89 only
(green), (ii) CFTO73 only (red), (iii) UPEC leaves only (green + red), (iv) common
UPEC branch only (cyan), (v) all UPEC (green + red + cyan). Cshows that when
the common UPECbranch was not present due to the tree topology, only three
sets of UPEC foreground branches were used (green, red, and green + red).

30). These relationships can be assessed by using methods to detect
recombination, ideally with at least two methods that differ in their
underlying theory to maximize accuracy (26, 31). After accounting
for recombination, vertical relationships can then be inferred with
standard phylogenetic tree-building software.

We identified 3,470 ortholog sets with at least four members (the
minimum number needed for subsequent analysis), representing
68.5% of all UTI89 genes. The aligned ortholog sets were tested for
evidence of recombination by using the programs GENECONV and
RETICULATE. Of the 3,470 ortholog sets, 443 (12.8%) showed
evidence of recombination using both programs. GENECONV also
predicts breakpoints where recombination has occurred. These
breakpoints define subsegments (fragments) of each ortholog.
Adjacent fragments, despite being in the same ortholog, have
different evolutionary histories due to recombination (26). A total
of 2,227 fragment sets were created from the 443 ortholog sets with
evidence of recombination. The PHYLIP software package was then
used to infer maximum parsimony trees from the 3,027 ortholog sets
that showed no evidence of recombination and from the 2,227
fragment sets.

Positive selection was identified with the program PAML. Using
a maximum likelihood algorithm, PAML assigns likelihood scores to
different hypotheses (models) for selection. If a model incorporat-
ing positive selection has a higher likelihood score than a null model
without positive selection, this constitutes evidence for positive
selection. The null model is referred to as M1la, and the selection
model as M2a. Comparison of M1a and M2a tests whether a gene
is under selection in all of the sequenced E. coli strains. A third
model (bsA) is based on the hypothesis that positive selection
occurs only in certain branches/lineages: comparing the likelihoods
of bsA and M1a tests whether a gene is under positive selection in
a specific lineage, such as UPEC strains. In the bsA model, the
branches hypothesized to have positive selection must be specified
and are referred to as “foreground branches” (Fig. 1 B and C).

Using the aligned ortholog and fragment sets and their corre-
sponding phylogenetic trees, likelihood scores were assigned for the
Mla, M2a, and bsA models. Ortholog and fragment sets that
showed evidence for positive selection in UPEC branches (bsA
versus M1a) but not in all E. coli (M2a versus M1a) were then
inspected individually. Table 1 lists the resulting 29 genes desig-
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Table 1. Positively selected genes in UPEC strains

Name

(Systematic) P value dn/ds CcOG Annotation

cedA (UTI89-C1924) 1.75E-04 795.84 — Cell division regulatory protein

yhgA (UTI89-C3912) 1.41E-06 323.80 — Hypothetical protein

yidQ (UT189.C4239) 1.58E-05 999.00 — Hypothetical protein

(UT189_C4862) 1.13E-09 822.62 — Hypothetical protein

fdnG (UTI89_.C1689) 2.24E-04 999.00 C a subunit of formate dehydrogenase N

YgcR (UTI89_C3134) 1.55E-04 999.00 C Putative transport protein

cycA (UTI89.C4817) 5.44E-05 275.05 E Serine/alanine/glycine APC transporter

argl (UT189_C4860) 1.09E-05 450.08 E Ornithine carbamoyltransferase chain |

YjjN (UTI89_C5064) 2.22E-05 570.01 E Hypothetical zinc-type alcohol
dehydrogenase-like protein

fruA (UTI89_C2442) 1.69E-06 202.74 G PTS system, fructose-specific IBC
component

agal (UTI89_.C3572) 2.33E-04 999.00 G Putative galactosamine-6-phosphate
isomerase

yicM (UTI189.C4218) 6.60E-05 397.37 G Putative transport protein

yjiL (UTI89_.C5044) 2.37E-05 999.00 | Hypothetical protein

yjbN (UTI89_C4617) 7.27E-09 191.93 J Hypothetical protein

topB (UTI89_C1958) 1.17E-26 106.44 L DNA topoisomerase IlI

xseA (UTI89.C2827) 1.22E-08 218.52 L Exodeoxyribonuclease VIl large subunit

recC (UTI89.C3223) 1.11E-04 316.28 L Exodeoxyribonuclease V vy chain

fepE (UTI89_C0589) 1.65E-04 123.61 M Ferric enterobactin transport protein

cutE (UTI89_C0655) 9.50E-08 999.00 M Apolipoprotein N-acyltransferase

ompF (UTI89_.C1001) 8.26E-05 999.00 M Outer membrane protein F

ompC (UTI89_C2497) 2.42E-11 999.00 M Outer membrane protein 1b (1b;c)

yfal (UTI89_.C2514) 1.04E-10 387.75 M Hypothetical protein

amiA (UTI89_C2768) 9.89E-06 999.00 M Probable N-acetylmuramoyl-L-alanine
amidase

fhuA (UTI89_C0166) 6.68E-16 998.92 P Ferrichrome-iron receptor

entD (UTI89.C0583) 4.68E-06 360.74 Q 4’-phosphopantetheinyl transferase

entF (UTI89_C0588) 1.90E-11 999.00 Q Enterobactin synthetase component F

yoji (UTI89.C2491) 2.18E-04 999.00 Q Hypothetical ABC transporter
ATP-binding protein

ycdT (UTIB9-C1088) 4.77E-07 223.42 T Hypothetical protein

yegO (UTI89_C2351) 2.33E-07 578.56 Y Hypothetical protein

The Pvalue shown is the smallest Pvalue for a test of selection in any UPEC foreground branch (see Fig. 1 Band
C). Ratio of nonsynonymous to synonomous mutation rate (d,/ds) measures the strength of selection, where
values >1 indicate positive selection, and larger values indicate stronger selection. COG category abbreviations
are used; full category names are given in Fig. 3. “—" indicates that no COG category was assigned. Boldface
highlights members of COG categories that are significantly enriched in the positively selected genes (see Fig. 3).

nated as being under positive selection in UPEC (UPEC-selected
genes, USG). Except for three genes in one iron acquisition locus
(see below), the USG were distributed throughout the UTI89
chromosome (Fig. 5, which is published as supporting information
on the PNAS web site). Sample data and output files are included
in Dataset 1, which is published as supporting information on the
PNAS web site.

To validate our methods, we compared the USG with other
selected genes. We hypothesized that strains which occupy distinct
habitats (addresses) and exploit distinct niches (professions) will
have undergone selection for correspondingly distinct adaptations.
Thus, strains that cause different diseases in different organs should
differ in the set of genes under positive selection. Using the same
methods, we identified 17 genes under positive selection in entero-
hemorrhagic E. coli (EHEC) and 48 genes in Shigella. The sets of
genes under selection in UPEC, EHEC, and Shigella were distinct,
with two exceptions, thus validating our hypothesis. The exceptions
were: UTI89_C2497 (ompC, outer membrane protein C), which is
under selection in UPEC and Shigella (see below); and
UTI89_C5128 (mukF), which is under selection in UPEC and
EHEC. Because ompC showed stronger evidence for selection in
UPEC than in Shigella, it was included in the 29 USG; mukF was
excluded because there was stronger evidence for positive selection
in EHEC.

With few (five to six) sequences, detection of positive selection by
the PAML program is “reliable” but “conservative” (32-34). In-
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creased accuracy and power are most easily gained with more
sequences (33). Therefore, to further validate our methods, we
analyzed additional sequence data collected from nonlaboratory E.
coli strains for three USG and three control housekeeping genes. A
panel of clinical E. coli strains was collected from otherwise healthy
college-aged women with recurrent UTI who were enrolled in a
prospective clinical trial (T.M.H. and W. E. Stamm, unpublished
data). Strains were isolated from urine samples obtained during
symptomatic infections, as well as from perirectal and periurethral
swabs (n = 39 urine isolates, seven periurethral isolates, and one
fecal isolate from 35 UTI patients plus three fecal isolates from
healthy volunteers). PCR amplicons from the ferrienterobactin
permease (fepE), ompC, and N-acetylmuramyl-L-alanine amidase
(amiA) USG were resequenced in these 50 strains. As controls,
three housekeeping genes that are commonly used for multilocus
sequence typing were also sequenced: adenylate kinase (adk),
malate dehydrogenase (mdh), and isocitrate dehydrogenase (icd).
Distinct sequences were analyzed by using the alignment, recom-
bination, and likelihood estimation procedures described above. As
shown in Fig. 2, Table 2, and Table 4, which is published as
supporting information on the PNAS web site, amid and fepE
showed evidence for positive selection in branches that included 35
of 39 (90%) and 32 of 39 (82%) urine isolates, respectively, and
excluded three of the four fecal isolates. ompC was under positive
selection in a smaller subset of UPEC strains (8 of 39 urine strains;
0 fecal isolates), with weaker evidence that it was under selection in
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Fig. 2. amiA, fepE, and ompC are under selection in clinical UPEC isolates.
Phylogenetic trees of unique sequences for each gene are shown. Red branches/
labels indicate foreground branches that show evidence for positive selection
(see Table 2 and text). Red numbers to the right of the tree indicate the number
of urine and fecal isolates represented by the red (foreground) labels in the
phylogenetic tree. Black numbers to the right of the tree indicate the number of
urine and fecal isolates represented by black labels in the phylogenetic tree. The
sites of isolation of strains represented by sequence labels are summarized in
Table 4. Scale bar for phylogenetic trees is shown at the bottom right.

all of the strains (see below). This directly mirrors the analysis of
ompC in the seven genomes, where the gene showed evidence of
positive selection in one of the two UPEC strains and weaker
evidence of selection in all of the strains. No evidence for positive
selection was found in any branch for the adenylate kinase (adk),
malate dehydrogenase (mdh), and isocitrate dehydrogenase (icd)
genes, further confirming the results we obtained using the seven
fully sequenced E. coli genomes.

Functional Analysis. To gain additional insights into the evolutionary
pressures acting on UPEC strains, we analyzed the functional

Table 2. Analysis of resequenced genes

Base pairs
Gene Pvalue dn/ds sequenced
fepE (UTI89_C0589) 3.94E-02 86.96 375
ompC (UTI89_C2497) 1.29E-07 999.00 756
amiA (UTI89_C2768) 5.48E-03 7.95 279
adk (UTI89_C0502) 1.00E+00 NA 501
mdh (UTI89_C3667) 1.00E+00 NA 435
icd (UTIB9_.C1266) 4.46E-01 NA 666

P value and d,,/d; values from the analysis of resequenced clinical strains are
shown. Number of base pairs sequenced and analyzed is shown in the last
column. A d,/d; value of N/A means that no evidence for positive selection
was found.
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Fig. 3. UPEC-selected genes are enriched for genes in two COG functional
categories. COG category codes are indicated on the y axis. The fraction of
genes in each COG category is shown on the x axis. Black bars indicate genes
under positive selection in UPEC strains (n = 29). Open bars are for all genes
annotated in UTI89 (n = 5,066). COG categories that are significantly enriched
(P < 0.05, binomial test) in the set of UPEC-selected genes relative to all UTI89
genes are indicated by an asterisk. COG category codes are as follows: U,
intracellular trafficking and secretion; G, carbohydrate transport and metab-
olism; I, lipid transport and metabolism; R, general function prediction only;
D, cell cycle control, mitosis and meiosis; H, coenzyme transport and metab-
olism; B, chromatin structure and dynamics; P, inorganic ion transport and
metabolism; W, extracellular structures; O, posttranslational modification,
protein turnover, chaperones; J, translation; A, RNA processing and modifi-
cation; L, replication, recombination and repair; C, energy production and
conversion; M, cell wall/membrane biogenesis; Q, secondary metabolites
biosynthesis, transport and catabolism; Z, cytoskeleton; V, defense mecha-
nisms; Y, nuclear structure; E, amino acid transport and metabolism; K, tran-
scription; N, cell motility; T, signal transduction mechanisms; F, nucleotide
transport and metabolism; and S, function unknown.

features of the 29 USG. Two COG categories were significantly
enriched (P < 0.05, binomial test) among the USG compared with
the entire set of genes in the UTI8Y genome: (i) M, cell wall/
membrane biogenesis; and (i) Q, secondary metabolites biosyn-
thesis, transport, and catabolism (Fig. 3). A third COG category (L,
replication, recombination, and repair) was also enriched but with
borderline significance (P = 0.0527).

UPEC often have high mutation rates compared with other E.
coli strains (up to 5 X 1077 per nucleotide per generation, a value
that is 100- to 1,000-fold higher than for wild-type strains) (24, 35).
Notably, a generally high mutation rate would conservatively bias
our analysis (see Supporting Text for further details). Elevated
mutation rate confers a fitness advantage to UPEC strains in a
mouse UTI model: mutator strains persist longer in bladder and
kidney than wild-type strains, and serial passage increases the
virulence of mutator strains over that of wild-type (36). The strains
tested were mutS mutants that are defective in initial recognition of
mispaired DNA bases (36). Little is known about the mechanistic
basis of elevated mutation rates in UPEC and its significance in the
context of the drastic changes in population size (P. C. Seed, K. J.
Wright, G. G. Anderson, and S.J.H., unpublished observations) and
growth rate (12) that occur during IBC formation. Intriguingly,
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UTI89_C2827 (xseA, the large subunit of exodeoxyribonuclease
VII) and UTI89_C3223 (recC, a subunit of the RecBCD helicase/
nuclease) are among the genes identified as being under positive
selection in UPEC. Both gene products have roles in DNA repair:
exodeoxyribonuclease VII is one of four presumably redundant
methyl-directed mismatch repair nucleases acting downstream of
MutS (37, 38); and over- or underexpression of the RecBCD
complex impairs double-stranded DNA break repair and homolo-
gous recombination (39).

Positive selection, exerted through immune pressure, acts on
surface/membrane structures in many pathogens (e.g., ref. 40).
Moreover, surface structures are encoded by a number of key
virulence factors (41). The product of the UPEC-selected gene
UTI89_C0589 (fepE) regulates LPS O-antigen chain length (42).
LPS and O-antigen are important in many bacterial infections for
stimulation of and protection from the host immune system (e.g.,
refs. 43-45). Altering O-antigen chain length can abolish these LPS
activities (42) and interfere with the function of other surface
molecules such as type III secretion systems (43). Another selected
gene, UTI89_C2514 (yfaL), codes for a putative adhesin that affects
biofilm formation (46), a feature of mature IBCs thought to play a
key role in their ability to subvert innate immune responses and to
resist antibiotic treatment so that they can persist within their
host (13).

Two other genes in the cell wall/membrane biogenesis COG,
UTI89_C1001 (ompF) and UTI89_C2497 (ompC), encode general
outer membrane porins. During growth in vitro, OmpC and OmpF
are the most abundant proteins in the E. coli outer membrane (47).
ompC is one of the 50 most highly expressed genes during UPEC
infection of the mouse urinary tract, whereas ompF is one of the 50
most up-regulated genes when UPEC are grown in urine (48). The
high levels of expression of these two proteins may contribute to
their immunogenicity, which may explain why ompC shows weak
evidence of positive selection in all E. coli. ompC and ompF are
coordinately regulated by the EnvZ/OmpR and CpxA/CpxR two-
component systems that balance the uptake of nutrients versus
toxins: OmpC has a smaller pore size than OmpF (47) and is
up-regulated by the CpxA/CpxR envelope stress response system.
Up-regulation of ompC in vivo would be beneficial in environments
where small molecule toxins are abundant (49). As noted above, our
analysis indicated that ompC is also under strong positive selection
in Shigella, which, like UPEC, invades epithelial cells. Interestingly,
an ompC mutant of Shigella is unable to spread from cell to cell
(50), suggesting that ompC may also play an important role in the
recurrent cycles of urothelial cell invasion by UPEC in the IBC
pathway.

One other gene in the cell wall/membrane biogenesis COG,
UTI89_C2768 (N-acetylmuramyl-L-alanine amidase, amiA), plays a
role in septal cleavage during cell division (51). UPEC dramatically
alters its growth rate and cell shape in IBCs (12). Modulation of
growth rate and cell shape should logically require alterations in
replication, chromosome segregation, and cell division. Interest-
ingly, UTI89_C1924 (cedA), a cell division regulatory protein with
no COG classification, is also present among the UPEC-selected
genes. Overexpression of CedA allows cell division in the face of
overinitiation of DNA replication (52). Furthermore,
UTI89_C1958 (DNA topoisomerase I1I, fopB), is under selection in
UPEC strains. topB is capable of acting as the cellular decatenase
during DNA replication (53). Thus, genes involved in several
processes essential for modulating growth rate are under positive
selection in UPEC and may help explain the observed changes in
growth rate and cell shape that occur during the lifecycle of IBCs.

Iron limitation is a component of host defense against infection,
especially on mucosal surfaces (54). Iron acquisition genes are
important contributors to UPEC virulence (17, 48, 55). Three of
these genes are under positive selection in UPEC strains.
UTI8Y_CO0166 (fhuA) is a ferrichrome—iron receptor. UTI89_C0583
[enterochelin synthase, component D (entD)] and UTI89_C0588

Chen et al.

[enterochelin synthase, component F (entF)] have roles in synthesis
of enterochelin (enterobactin) (56), which is responsible for iron
scavenging. Both entD and entF are located near fepE: as noted
above, with the exception of this ent/fep locus, there does not
appear to be any bias in the distribution of the 29 USG in the UTI89
chromosome. Two of these selected genes, entF and fhuA, are
up-regulated 2- to 5-fold during in vivo infection of mouse bladders
(48). Interestingly, no iron acquisition genes were detected as being
under positive selection in EHEC or Shigella strains. In addition,
UTI89_C1339 (sit4, a putative iron transport protein) was under
selection in all E. coli.

Prospectus. We have presented a computational pipeline for iden-
tifying genes under positive selection in microbial strains that uses
multiple genome sequences. Recombination is a large potential
problem for tests of positive selection (29), especially in bacteria
(28). Therefore, we have incorporated tests for recombination into
our analysis. Our method has identified genes and cellular processes
known to play an important role in E. coli urinary tract virulence
(e.g., iron acquisition) and highlighted specific genes that may
elucidate poorly understood aspects of UPEC biology (e.g., ele-
vated mutation rate and changes in bacterial morphology). Large
strain databases of pathogenic bacteria represent attractive future
targets for this kind of comparative analysis. In particular, the strain
panel of clinical UTI isolates we used for validation represents a
promising resource for understanding UPEC microevolution
through multiple recurrent infections.

Future development of this analysis pipeline should include
noncoding sequences and genes present exclusively in UPEC
strains. Currently, coding sequences are far better understood than
noncoding, allowing us to leverage knowledge of the genetic code
to increase the power for detection of selection. Incorporation of
sequence-based methods for detecting selection in intergenic se-
quences, such as phylogenetic footprinting (57) or detection of
mutation rate heterogeneity (58), will provide additional perspec-
tives on subspecies (strain) evolution. In addition, genes present
exclusively in UPEC strains are widely accepted to play a role in
urinary tract virulence. We did not analyze these genes (which total
>2,000; ref. 4 and Table 5, which is published as supporting
information on the PNAS web site), because not enough sequences
are available from different strains. Furthermore, additional se-
quences combined with lineage-specific detection of positive selec-
tion will allow us to differentiate genes under positive selection in
all UPEC strains from those under selection in only a subset of
strains; this, in turn, may provide further insight into prevailing
mechanisms of infection. Genome sequencing of additional UPEC
and non-UPEC strains is therefore of continuing importance in
understanding the biology of E. coli in general and its strain-specific
adaptations in particular.

Materials and Methods

Details of the methods used for genome sequencing and annota-
tion, estimating the sizes of the E. coli core and pan-genomes,
defining reciprocal best BLAST hits, aligning sequences, and infer-
ring phylogenetic trees may be found in the Supporting Text, as well
as Fig. 6 and Table 6, which are published as supporting information
on the PNAS web site.

Genome Sequences and Programs. Genome sequences were down-
loaded from the National Center for Biotechnology Information
(NCBI) RefSeq repository (ftp://ftp.ncbi.nih.gov/genomes/
Bacteria) as of March 15, 2005. Data management and analysis
were done with the GENOME-TOOLS package (59) and ad hoc PERL
scripts. BLAST programs, version #2, were from NCBI. Other
programs used included (7) CLUSTALW (for alignments, ref. 60); (if)
GENECONV (61) and RETICULATE (27) (to infer recombination); (iif)
PHYLIP (to infer phylogenetic trees, ref. 62); and (iv) PAML (to detect
selection, ref. 63).
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Detection of Recombination. Both GENECONV and RETICULATE
were run on the aligned nucleotide sequences: GENECONV was
run by using the ““/r” (silent sites only) option; RETICULATE was
run with the “treat sites with more than two characters as sites
with more than two characters” option, and P values were
calculated from 10,000 randomizations of the data. If the P
values reported by both programs were <0.05, the aligned
sequences were fragmented at recombination breakpoints iden-
tified by GENECONV (using the endpoints of all reported frag-
ments). These fragments were then treated independently to
infer phylogenetic trees and detect selection.

Detection of Selection. The CODEML program from the PAML
package (Version 3.14b) was used for all calculations. The following
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models were run for each set of genes or gene fragments (if
recombination was detected): site models Mla and M2a and
branch-site model A for each set of foreground branches. Options
set in the control file followed those in the lysozyme example
directory of the PAML distribution package.

A likelihood ratio test was used to compare model M2a with
M1a, and branch-site model A with model M1a. The significance
cutoff was set at 1/3,470 (the reciprocal of the number of genes
tested).
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