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Establishing the risk of human infection is one of the goals of public health. For bacterial pathogens, the
virulence and zoonotic potential can often be related to their host source. Escherichia coli bacteria are common
contaminants of water associated with human recreation and consumption, and many strains are pathogenic.
In this study, we analyzed three promoter-containing intergenic regions from 284 diverse E. coli isolates in an
attempt to identify molecular signatures associated with specific host types. Promoter sequences controlling
production of curli fimbriae, flagella, and nutrient import yielded a phylogenetic tree with isolates clustered by
established phylogenetic grouping (A, B1, B2, and D) but not by host source. Virulence genes were more
prevalent in groups B2 and D isolates and in human isolates. Group B1 isolates, primarily from nonhuman
sources, were the most genetically similar, indicating that they lacked molecular adaptations to specific host
environments and were likely host generalists. Conversely, B2 isolates, primarily from human sources, dis-
played greater genetic distances and were more likely to be host adapted. In agreement with these hypotheses,
prevalence of ¢ activity and the rdar morphotype, phenotypes associated with environmental survival, were
significantly higher in B1 isolates than in B2 isolates. Based on our findings, we speculate that E. coli host
specificity is not defined by genome-wide sequence changes but, rather, by the presence or absence of specific
genes and associated promoter elements. Furthermore, the requirements for colonization of the human

gastrointestinal tract may lead to E. coli lifestyle changes along with selection for increased virulence.

Pathogenic strains of Escherichia coli cause millions of cases
of human infection each year (52) as well as severe problems in
the livestock industry (78). Yet in other situations, many E. coli
strains coexist peacefully as commensals in the intestinal tract
of their warm-blooded hosts. A significant amount of research
has sought to understand the relationship between pathogenic
and commensal E. coli strains and determine if they can be
distinguished from each other (18, 55, 72, 95). E. coli is also a
common contaminant of water and various food sources (63).
From a public health standpoint, it is important to establish the
zoonotic and virulence potential of strains, which may be re-
lated to their natural lifestyle and host source.

E. coli has been proposed to have two principal habitats, the
primary being the intestinal tract of mammals and birds and
the secondary being water, sediment, and soil (58, 81). Survival
and adaptation in both habitats are necessary for continued
evolutionary success. For isolates that have evolved toward
commensalism, signs of adaptation should be apparent, be it
through altered regulatory sequences, gene expression, or me-
tabolism (29). E. coli strains can be differentiated into four
main phylogenetic groups (A, Bl, B2, and D) along with two
minor groups (C and E) (41). In general, these groups do not
further divide into defined host lineages (23), except for the
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association of O157 enterohemorrhagic E. coli (EHEC; group
E) with bovine sources (20, 66). Multilocus sequence typing
(MLST) (39, 95) and more recent whole-genome comparisons
(73, 85) have revealed that all E. coli strains share a highly
similar core genome in addition to hot spots of recombination
that result in a high percentage of unique or strain-specific
genes. This characteristic makes phylogenetic analysis difficult
but does not obscure the signal completely (55). Virulence
genes can be scattered throughout different isolates, but
groups B2 and D have an increased prevalence of extraintes-
tinal virulence genes (8, 49, 69). Whether this is a requirement
for or consequence of gastrointestinal (GI) tract colonization
remains the subject of debate (21, 65).

Life in two different habitats requires E. coli to have a
balanced strategy between faster growth rates in the primary
habitat and increased stress resistance in the secondary habitat.
¢® (RpoS) is the central regulator of the general stress re-
sponse in E. coli and helps direct transcription of genes essen-
tial for stress resistance (54, 91). There are complex feedback
systems that regulate the levels of ¢® in the cell (36, 40, 75),
which can shift the balance between stress resistance and the
ability to utilize diverse nutrients (25, 26). Highly resistant E.
coli isolates often have a reduced ability to compete for carbon
sources due to low membrane permeability (53), whereas o°
null mutants have increased scavenging capacity and growth
advantages under certain conditions (64, 97). One of the key
resistance phenotypes regulated by o is the rdar (red, dry and
rough) morphotype, a multicellular growth state that has been
linked to long-term survival under harsh conditions (92). rdar
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cells produce an extracellular matrix comprised of curli fim-
briae, cellulose, and other polysaccharides, resulting in colo-
nies that have a distinctly patterned appearance and aggrega-
tive texture (14, 76, 77, 100). The matrix also provides
increased resistance to disinfection (79, 86). Although there
has never been an exhaustive examination of rdar morphotype
prevalence in natural E. coli isolates, most, if not all, strains
contain the genes necessary for production (4, 7). The rela-
tionship between ¢® activity, the rdar morphotype, and meta-
bolic capacity is likely to reflect the evolutionary histories of
different E. coli isolates.

Adaptation in bacteria occurs through genetic mutation and
the acquisition and/or loss of genes. Techniques used to deter-
mine genetic relatedness, such as MLST and single nucleotide
polymorphism (SNP) analysis (43, 55, 95), are usually based on
the sequences of conserved genes, which are under mutational
constraints. In contrast, noncoding, intergenic regions have not
been used extensively for phylogenetic analysis, yet it is becom-
ing clear that changes in promoter regions are key drivers of
evolutionary adaptations (67, 98). In this study, we analyzed
three E. coli intergenic regions from 284 diverse isolates to
determine if there were molecular signatures associated with
different host sources. Our analysis yielded a phylogenetic tree
with isolates divided into the four defined E. coli phylogenetic
groups but without any host-specific clustering. Phenotypic
analysis for 0° and rdar morphotype prevalence revealed that
certain phylogenetic groups are exposed to different selection
pressures, which is suggestive of a lifestyle shift. Human iso-
lates were primarily in phylogenetic group B2 and had the
lowest prevalence of ¢ activity and the rdar morphotype as
well as the highest prevalence of virulence genes. In contrast,
most nonhuman isolates, which were predominantly clustered
into phylogenetic group B1, had the highest prevalence of o°
activity and the rdar morphotype and the lowest prevalence of
virulence genes. Despite the lack of clear host-specific molec-
ular signatures, our results indicate that there is a correlation
between E. coli host adaptation, increased virulence potential,
and the loss of stress resistance pathways.

MATERIALS AND METHODS

E. coli isolation. (i) Animal isolates. Isolates from a wide variety of animals
were obtained from the Alberta Provincial Laboratory for Public Health (Prov-
Lab) and originated from Calgary, Alberta, Canada. Fecal swabs were planted
onto MacConkey agar and grown overnight at 37°C. Lactose-fermenting isolates
from each specimen were swabbed to isolation on blood agar plates (BAP) and
biochemically tested for reactivity with malonate (negative), citrate (negative),
indole (positive), and oxidase (negative) (42). Presumptive animal isolates were
confirmed as E. coli using API 20E strips (bioMérieux). Isolates from gulls,
Canada geese, dogs, and cats were obtained from Environment Canada (Burl-
ington, Ontario) and originated from the city of Toronto, Ontario, Canada. Fecal
swabs were streaked onto mFC agar (Difco Inc.) and incubated at 44.5°C for
18 h. Isolates that were a typical dark blue on mFC agar were selected and
streak-plated onto MacConkey agar for overnight growth at 37°C. Putative E.
coli isolates on MacConkey plates were then tested for glucuronidase activity by
growth and fluorescence in EC-MUG (EC broth with 4-methylumbelliferyl-B-p-
glucuronide; Difco Inc.) and for indole production by growth in 1% (wt/vol)
tryptone (Difco Inc.) and reaction with Kovac’s reagent (Oxoid Inc.). E. coli
ATCC 29194 and Klebsiella pneumoniae ATCC 33495 were used as a positive and
negative controls, respectively, during confirmation tests.

(ii) Human isolates. E. coli was isolated from fecal swabs submitted to the
ProvLab for microbiological testing. Fecal swabs were plated onto MacConkey
agar plates and incubated overnight at 35°C. Up to five mauve/pink presumptive
E. coli colonies were picked from the MacConkey agar plates and plated to purity
on BAP. Isolates were tested for reactivity to malonate (negative), citrate (neg-
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ative), indole (positive), and oxidase (negative). Isolates confirmed as E. coli
were swabbed to isolation on a BAP plate and frozen in skim milk at —70°C.

It is not known if the isolates selected for this study were clinically relevant or
whether they simply represented the commensal E. coli from a patient suffering
from enteric symptoms of other etiology. As part of the ethics submission for
obtaining human samples, we delinked clinical laboratory information system
numbers to our research samples, so we could not trace back to original submit-
ter or trace back our samples to find out what the final clinical diagnosis was. We
did not select for and isolate a “clinically relevant” pathotype of E. coli. In
addition, 20 human isolates (17% of total) came from healthy donors and
presumably would represent commensal E. coli.

(iii) Water isolates. Environmental samples were collected as part of routine
water testing surveillance programs at the ProvLab. Drinking water samples
testing positive by enzyme substrate testing (Colilert; Idexx Laboratories) were
inoculated (10-wl loops) onto 5-bromo-4-chloro-3-indolyl-B-p-glucuronide (X-
Gluc) plates and incubated overnight at 44.5°C. Dark blue colonies were isolated
and swabbed to purity on BAP plates and tested as indicated above (for ma-
lonate, citrate, indole, and oxidase reactivity) or by API 20E strips (bioMérieux).

PCR. Genomic DNA was prepared for PCR by boiling cells in a 5% solution
of Chelex-100 (Bio-Rad Laboratories) as described by Walsh et al. (89). The
phylogenetic grouping for each E. coli isolate was determined using a multiplex
PCR assay for chuA, yjaA, and the TSPE4.C2 DNA fragment described by
Clermont et al. (12). Isolates were termed unclassified if they were negative for
all three reactions (33). To determine the prevalence of defined virulence genes,
each E. coli isolate was tested using a multiplex PCR strategy, mostly adapted
from Johnson and Stell (50); primers are listed in Table 1. PCR was conducted
under standard conditions in 20-pl reaction volumes, containing 1X PCR buffer
(Invitrogen), 7.5 ng/pl template, 1.5 mM MgCl,, 50 pM each deoxynucleoside
triphosphate (ANTP), 0.2 uM primer, and 0.5 U of Tag polymerase. For multi-
plex reactions, PCR amplification conditions included an initial denaturation at
94°C for 2 min, 30 cycles of 94°C for 30 s, annealing at 63°C for 30 s, and 72°C
for 1 min, followed by a final extension at 72°C for 7 min; multiplex reaction 8
used an annealing temperature of 55°C. The intergenic regions containing pro-
moters for csgD and csgB, flhiDC, and ompF were amplified individually under
standard PCR conditions in 100-pl reaction mixtures containing 1X PCR buffer
(Invitrogen), 2 mM MgCl,, 12.5 uM each dNTP, 0.5 uM each primer (Table 1),
and 1.25 U of Taq polymerase. PCR amplification conditions included an initial
denaturation at 94°C for 2 min, 30 cycles of 94°C for 30 s, annealing at 50°C for
30's, and 72°C for 1 min, followed by a final extension at 72°C for 7 min; the only
modification was for target flhDC, which required an annealing temperature
of 53°C.

Promoter sequence comparisons. DNA sequencing was performed by Macro-
gen Inc. (Korea) and The University of Calgary Genetic Analysis laboratory
(http://www.ucalgary.ca/dnalab/sequencing). Sequences were assembled into a
concatenated, single file for each E. coli strain prior to alignment using the
Clustal W algorithm (Vector NTI, version 11; Invitrogen). This Clustal W align-
ment was manually edited to trim the 5’ and 3’ regions of the alignment that
contained missing data. The final alignment was 2,064 nucleotides (nt) in length.
To obtain the most efficient parameters for the phylogenetic reconstruction, we
used jModelTest (version 0.1) (70); using the Akaike information criterion, the
TPM1uf+I+G model was selected. We used phyML (version 3.0) (38) to re-
construct the phylogeny. The initial topology was generated using the subtree
pruning and regrafting (SPR) algorithm (44), and the branch support was cal-
culated using Shimodaira-Hasegawa-like (SH-like) procedure (37). The default
settings were used for the remaining SH-like parameters. In the resultant phy-
logenetic tree, internal nodes with less than SH-like support of <0.7 were
collapsed. Branch lengths for this consensus tree were calculated using the
baseml program from the PHYLIP software suite (version 4.3) (96). We used the
interactive Tree Of Life (iTOL) online tool to map on the host-type and phylo-
genetic grouping data sets (56).

Reference E. coli isolates. DNA sequences for intergenic regions containing
csgD, csgB, flhDC, and ompF promoters were obtained from the GenBank
from the following E. coli strains with fully sequenced genomes (accession
numbers are listed in parentheses): 536 (CP000247), 53638 (AE014075),
55989 (CU928145), 101-1 (AAMKO00000000), APECO01 (CP000468), B
REL606 (CP000819), B171 (AAJX00000000), B7A (AAJT00000000),
CFT073 (AE014075), E110019 (AAJW00000000), E22 (AAJV00000000),
E24377A (CP000800), EDla (CU928162), F11 (AAJU00000000), HS
(CP000802), TAI1 (CU928160), IAI39 (CU928164), K-12 substrain MG1655
(U00096), K-12 substrain  W3110 (AP009048), O157:H7 EDL933
(AE005174), O157:H7 Sakai (BA000007), S88 (CU928161), SMS-3-5
(CP000970), UMNO026 (CU928163), and UT189 (CP000243).
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TABLE 1. PCR primers used in this study
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Multiplex

o Target Primer” Primer sequence (5'-3") Reference or source
reaction no.
1 aer aer-F TACCGGATTGTCATATGCAGACCGT 83
aer-R AATATCTTCCTCCAGTCCGGAGAAG
papC papC-F GTGGCAGTATGAGTAATGACCGTTA 50
papC-R ATATCCTTTCTGCAGGGATGCAATA
traT traT-F GGTGTGGTGCGATGAGCACAG 50
traT-R CACGGTTCAGCCATCCCTGAG
2 iha iha-F CTGGCGGAGGCTCTGAGATCA 83
iha-R TCCTTAAGCTCCCGCGGCTGA
usp usp-F CGGCTCTTACATCGGTGCGTTG 83
usp-R GACATATCCAGCCAGCGAGTTC
ip2 irp2-F AAGGATTCGCTGTTACCGGAC 6
irp2-R TCGTCGGGCAGCGTTTCTTCT
3 PAI PAI-F GGACATCCTGTTACAGCGCGCA 50
PAI-R TCGCCACCAATCACAGCCGAAC
fimH fimH-F TGCAGAACGGATAAGCCGTGG 50
fimH-R GCAGTCACCTGCCCTCCGGTA
4 iroN iroN-F AAGTCAAAGCAGGGGTTGCCCG 83
iroN-R GACGCCGACATTAAGACGCAG
iutA iutA-F GGCTGGACATCATGGGAACTGG 50
iutA-R CGTCGGGAACGGGTAGAATCG
ibeA ibeA-F AGGCAGGTGTGCGCCGCGTAC 50
ibeA-R TGGTGCTCCGGCAAACCATGC
5 cnfl cnfl-F AAGATGGAGTTTCCTATGCAGGAG 83
cnfl-R CATTCAGAGTCCTGCCCTCATTATT
papGII papGII-F GGGATGAGCGGGCCTTTGAT 50
papGII-R CGGGCCCCCAAGTAACTCG
6 fuyA fuyA-F TGATTAACCCCGCGACGGGAA 50
fuyA-R CGCAGTAGGCACGATGTTGTA
papGIII papGIII-F GGCCTGCAATGGATTTACCTGG 50
papGIII-R CCACCAAATGACCATGCCAGAC
7 sfa-foc sfa/foc-F CTCCGGAGAACTGGGTGCATCTTAC 50
sfa/foc-R CGGAGGAGTAATTACAAACCTGGCA
hylA hylA-F AACAAGGATAAGCACTGTTCTGGCT 50
hylA-R ACCATATAAGCGGTCATTCCCGTCA
8 ompT ompT-F ATCTAGCCGAAGAAGGAGGC 83
ompT-R CCCGGGTCATAGTGTTCATC
hra hra-F CAGAAAACAACCGGTATCAG 6
hra-R ACCAAGCATGATGTCATGAC
ompF ompF_Ecnewl-F TACGTGATGTGATTCCGTTC This study
ompF_Ecnew2-R TGTTATAGATTTCTGCAGCG
csgD agfD1 GTGCTCGAGGGACTTCATTAAACATGATG 92
agfD2 GCCGGATCCTGTTTTTCATGCTGTCAC
fIhDC CGO1-F GCGGATCCGAGGTATGCATTATTCCCACCC This study
flhDC1-R GCCCTCGAGTGGAGAAACGACGCAATC

“F indicates forward primers (5’ region of gene), and R indicates reverse primers (3’ region of gene).

Phenotypic testing for the rdar morphotype and ¢ activity. Frozen E. coli
isolates were recovered on LBns agar (LB without NaCl) and grown overnight at
37°C. Broth cultures were prepared in 100 pl of LBns broth in microtiter plates
and grown overnight at 37°C. Spot colonies were prepared by inoculation of 1 .l
of the overnight broth culture onto LBns agar or 1% tryptone (T) agar supple-
mented with 100 pg/ml Congo red. Colony morphologies were observed after
incubation at 28°C for 48 to 72 h and were compared to known rdar-positive
(rdar™) (Salmonella enterica serovar Typhimurium ATCC 14028), rdar-interme-
diate (S. Typhimurium AcsgA or AbcsA mutant) and rdar-negative (rdar™) iso-
lates (S. Typhimurium AcsgD ArpoS) as outlined in White et al. (92). Because we
wanted to make a distinction between nonaggregative and aggregative isolates in
this study, isolates were recorded as rdar positive if they produced both curli and
cellulose or either polymer alone. We did not test for rdar morphotype formation

at 37°C. To our knowledge, all reported examples of E. coli strains that are rdar™
at 37°C are also positive at 28°C (7, 87).

For detection of ¢® activity, colonies grown on LBns at 28°C for 48 h were
stained with iodine to detect glycogen production (described in reference35 and
modified according to reference 94) and treated with hydrogen peroxide for
detection of catalase activity (64). Results were compared to known oS-positive
(S. Typhimurium ATCC 14028), oS-attenuated (S. Typhimurium AcsgD [17]), or
oS-negative (S. Typhimurium ArpoS [93]) isolates. E. coli isolates were recorded
as ¢° positive for full activity, whereas isolates with attenuated or null activity
were classified as being ¢ impaired.

PMs. Phenotype microarrays (Biolog, Hayward CA) were performed to test
the utilization of different carbon, nitrogen, phosphorus, and sulfur substrates by
43 selected E. coli isolates. Assays were conducted for phenotype microarray
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TABLE 2. Summary of E. coli isolates from different host types

No. of isolates by

Total no. of phylogenetic group”

Host type* isolates
Bl B2 D  Unclassified®
Human 115 15 13 58 22 7
Total nonhuman 169 23 95 11 28 12
Bovine 44 15 15 12 2
Birds
Seagull 20 2 14 1 2 1
Goose 21 18 1 2
Chicken 2 1 1
Other nonhuman
mammals
Dog 28 2 15 4 6 1
Cat 21 16 3 2
Pig 9 3 1 1 4
Muskrat 1 1
Water 23 1 16 1 2 3
Overall total 284 38 108 69 50 19

“Each E. coli isolate was cultured from fecal matter originating from the
different host types, with the exception of water isolates, which were obtained
from contaminated water samples.

" E. coli genotype was determined using the triplex PCR classification scheme
specific for ChuA, YjaA, and TspE4C2 described by Clermont et al. (12).

¢ Unclassified isolates were negative for all three PCRs, as described by Gor-
don et al. (33).

(PM) plates 1 through 4 as per the manufacturer’s instructions with the following
modifications. Frozen E. coli isolates were recovered on tryptic soy agar (TSA)
and incubated overnight at 37°C. A single colony was further purified by TSA
culture. Cell suspensions were concentrated to 48% transmittance (590 nm)
before addition to the wells. PM plates were incubated at 37°C; absorbance at
600 nm was measured with a Wallac Victor? plate reader (Perkin-Elmer Life
Sciences, Boston, MA) after 24 and 48 h of growth. E. coli K-12 substrain
MG1655 was used as the control strain.

Hierarchical clustering was performed using the heatmap.2 function in R,
version 2.13.1 (74). Raw data were first normalized by subtraction of the back-
ground absorbance followed by a variance stabilization (vsn package). Clustering
was performed using the McQuitty linkage method (61) and a Pearson correla-
tion as the distance metric.

Statistical analysis of data. Prevalence of virulence genes, rdar morphotype,
or ¢® activity was compared between groups of isolates based on phylogenetic
grouping (A, B1, B2, D, and unclassified) or host type (human, bovine, birds,
water, and nonhuman mammals). Chi-square tests for heterogeneity or indepen-
dence comparing all groups were performed, followed by Fisher exact tests
between chosen groups. For each virulence gene, comparisons were made be-
tween phylogenetic groups with the highest and next highest prevalence; for host
type, comparisons were made between the group of human isolates and the
group of nonhuman isolates. For rdar and ¢° prevalence, comparisons were
performed between all pairs of phylogenetic groups and host types.

RESULTS

Description of E. coli isolates and determination of phylo-
genetic groups. A total of 284 E. coli isolates were obtained
from a diverse collection of host types (Table 2). Humans were
the most predominant host type, with 40% of isolates, each
from separate individuals. The remaining isolates were ob-
tained from fecal samples of nonhuman animals, with the ex-
ception of 23 isolates obtained from water samples. In almost
all cases, each E. coli isolate corresponds to one animal, with
the exception being 44 unique bovine isolates that came from
a total of 29 animals (data not shown).

For rapid determination of the E. coli phylogenetic group,
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all isolates were analyzed using the PCR-based method de-
scribed by Clermont et al. (12). Overall, B1 was the most
predominant phylogenetic group, followed by B2, D, and A; we
were unable to classify 7% of isolates due to negative PCR
results (Table 2) (33). Group Bl encompassed 56% of E. coli
isolates from nonhuman sources; birds had the highest preva-
lence of B1 isolates at 74%. Fifty percent of human isolates
were categorized into group B2, whereas only 11% were as-
signed to group Bl1.

Prevalence of virulence genes among E. coli isolates. Many
studies have been performed to determine the human viru-
lence potential of E. coli isolates. Virulence of isolates in in
vivo models is usually correlated with the presence of defined
virulence factors (21, 48). These factors include adhesins (P, S,
F1C, and type 1 fimbriae), toxins (hemolysin and cytotoxic
necrotizing factor), iron acquisition systems (for aerobactin,
yersiniabactin, and a catecholate siderophore), invasins (ibeA),
and a variety of other genes including: traT (invasion), malX
(pathogenicity island [PAI] marker), usp (bacteriocin), ompT
(outer membrane endoprotease), iha (fimbriae or adhesin),
and hra (heat-resistant agglutinin). To assess the virulence
potential of E. coli isolates in our study, we used a multiplex
PCR strategy to screen for the presence of 18 known virulence-
associated genes (Table 3).

In agreement with previous studies, isolates in phylogenetic
group B2 had a higher prevalence of virulence genes than
isolates from the other phylogenetic groups. Ten of 18 genes
were significantly more prevalent in group B2 isolates (Table
3). Among the other groups, group D isolates had a higher
prevalence of virulence genes than group A isolates, while
group Bl isolates had the lowest overall prevalence. When
human and nonhuman isolates were compared to each other,
10 of 18 genes had significantly higher prevalence among hu-
man isolates (Table 3). Although these were not all the same
10 genes as those in group B2, the significance was correlated
to the predominance of group B2 isolates from humans com-
pared to group BI isolates from nonhuman sources. All Bl
isolates and all nonhuman isolates had significantly higher
prevalence of sfa-foc fimbriae (Table 3). E. coli isolates from
pigs and bovine sources had the lowest overall prevalence of
virulence genes. There were no significant differences in prev-
alence of virulence-related genes when all host types were
compared.

Phylogenetic analysis of E. coli strains based on intergenic
sequence comparison. Although intergenic sequence and
structural promoter analysis has been used to characterize
genetic relatedness among species and strains of microbes (28,
30) or to examine the expression of virulence factors (67), little
work has attempted to correlate this with host specificity.
Three promoter-containing intergenic regions were sequenced
from all E. coli isolates: between the divergent csgBAC and
¢sgDEFG operons regulating the synthesis of curli fimbriae
(76) (Fig. 1A), between uspC and flhDC, which code for the
master regulator of flagellum biosynthesis (51) (Fig. 1B), and
between asnS and ompF (Fig. 1C), which codes for an outer
membrane porin expressed under low-osmolarity conditions
(24). These intergenic regions were chosen because they were
relatively large (>500 bp) and known to exhibit variation in E.
coli and related organisms (15, 84, 87). In addition, because the
associated gene products (i.e., curli, flagella, and OmpF) are
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TABLE 3. Prevalence of virulence genes among E. coli strains isolated from different hosts and environmental sources

Isolate group or % of isolates carrying the indicated virulence gene”

source aer cnfl  fimH fyuAd hlyA hra ibeA  iha iroN irp2 ompT PAl papC papG_II papG_III sfa-foc traT  usp
Phylogenetic group”
A 21.1 0.0 44.7 2.6 26 132 00 158 0.0 421 132 2.6 7.9 10.5 36.8 26 500 0.0
Bl 1.9 5.6 83.3 7.4 28 315 28 0.0 6.5 139 454 3.7 7.4 0.0 6.5 53.7¢ 537 83
B2 21.7 333* 928 435* 13.0 435 29.0* 21.7 261 98.6* 98.6* 84.1* 59.4*  27.5* 87.0* 29.0 623 87.0%
D 32.0 4.0 78.0 10.0 2.0 340 100 180 120 30.0 540 120 220 8.0 26.0 16.0  64.0 16.0
Unclassified 21.1 0.0 63.2 0.0 53 105 0.0 53 53 105 211 0.0 5.3 5.3 10.5 105 579 53
Host type
Human 26.1* 13.0 88.7 19.1 52 243 122 243* 157 71.3% 69.6* 48.7* 36.5*% @ 22.6* 64.3* 13.0 557 51.3*
Nonhuman 8.8 9.4 70.6 129 53 353 82 1.8 82 20.0 429 76 129 1.2 12.9 43.5% 582 112
Bovines 18.2 0.0 56.8 23 9.1 409 0.0 0.0 0.0 13.6 34.1 0.0 9.1 23 6.8 205 795 0.0
Birds 7.0 11.6 953 163 0.0 372 93 23 163 209 5538 93 140 0.0 11.6 744 442 209
Other nonhuman 6.1 224 857 28,6 102 429 163 41 143 327 592 184 245 2.0 224 673 592 204
mammals
Dogs 10.7 250 75.0 321 107 393 179 7.1 107 357 571 214 250 3.6 214 464 500 28.6
Cats 0.0 143 100.0 19.0 95 381 95 0.0 190 190 571 143 19.0 0.0 14.3 952 476 95
Pigs 0.0 11.1 0.0 111 0.0 222 11.1 0.0 0.0 11.1 111 0.0 11.1 0.0 11.1 0.0 444 00
Water 43 0.0 522 0.0 0.0 21.7 87 0.0 0.0 13.0 21.7 0.0 0.0 0.0 13.0 0.0 696 0.0

“The number of E. coli isolates corresponding to each phylogenetic group and host type is consistent with Table 2.

’ Virulence genes in each strain were detected by PCR using well-defined primer sets (Table 1). Numbers listed represent the percentage of isolates that carry the
designated allele: aer, aerobactin; cnfl, cytotoxic necrotizing factor 1; fimH, p-mannose-specific adhesin; fyuA, ferric yersiniabactin receptor; hlyA, a-hemolysin; hra,
heat-resistant agglutinin; ibe4, invasion of brain endothelium; ika, fimbriae or adhesin; iroN, novel catecholate siderophore receptor; irp2, yersiniabactin biosynthesis
pathway; ompT, outer membrane endoprotease, PAI (malX), pathogenicity-associated island marker; papC, pilus assembly, central region of pap operon; papG,
Gal(a1-4)Gal-specific pilus tip adhesin molecule; papGII, pyelonephritis-associated; papGIII; cystitis-associated; sfa-foc, central region of sfa (S fimbriae) and foc (F1C
fimbriae) operons; traT, surface exclusion, serum survival (outer membrane protein); usp, uropathogenic-specific protein (bacteriocin). Statistical significance (*) for
each gene was determined using a Chi-square test for heterogeneity or independence comparing all groups, followed by Fisher exact tests between two chosen groups:
for phylogenetic groups, comparisons were made between group B2 and the group (usually D) with the next highest rate of prevalence for that particular gene; for host
type, comparisons were made between the group of human isolates and the group of nonhuman isolates.

conserved and found on the cell surface, their expression could phylogenetic tree reconstructed from promoter comparisons

be subject to selection pressure within host environments (95). (Fig. 2A) was nearly identical to the tree generated by conven-

Intergenic sequence comparison is effective for phylogenetic tional MLST (Fig. 2B) (95). Despite a shorter overall sequence
analysis in E. coli. To determine if promoter sequence com- length (i.e., 2,064 nucleotides [nt] versus 3,423 nt), the inter-
parisons would provide adequate phylogenetic resolution to genic sequence-based tree showed increased genetic distances

differentiate E. coli isolates, we performed in silico analysis on for most isolates and higher bootstrap values at several nodes,
24 E. coli strains with completely sequenced genomes. The demonstrating that this technique had more differentiating ca-

A Intergenic
a1 OmeR CsgD distance (bp)
csgE csgD <_| l_. csgB csgA
i | ——) 742
<
agfD2
CAPp ResA/B
B Eefloc  OMBR OmpR
uspC :
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CGO1

C

OmpR4 OmpRI1-3

Ec ompF1
3

asnS

602

<
Ec ompF2

FIG. 1. E. coli intergenic regions chosen for sequence comparisons. Intergenic regions are shown to scale from the genome of E. coli K-12
substrain MG1655 (Vector NTIL, version 11; Invitrogen). Gray arrows represent genes; names are listed above in italics. The intergenic distances
shown were measured between start or stop codons in genes flanking the region. Full arrowheads represent defined —35 and —10 promoter
regions. Black or white boxes represent known operator binding sites that regulate promoter activity for csgD and ¢sgB (9, 71), flhDC (1, 99), and
ompF (46, 59). Names of transcription factors are displayed above each binding site. OmpR1-3 represents three adjacent binding sites near the
ompF promoter. The PCR primers used for amplification and sequencing are represented by half arrows. CAP, catabolite activator protein.
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FIG. 2. Comparison of phylogenetic methods for differentiating E. coli isolates. Unrooted neighbor-joining trees were generated for 24 E. coli
strains with completely sequenced genomes based on intergenic regions containing csgB-D, flhDC, and ompF promoter sequences (A) or
conventional MLST of adk, fumC, gyrB, icd, mdh, purA, and recA sequences (B) (50) (http:/mlst.ucc.ie/). Bootstrap values above 70%, based on
1,000 bootstraps, are displayed at nodes on each tree. Phylogenetic groups are represented by different colors: blue, A; green, B1; red, B2; yellow,
D; purple, E; black, unclassified strain 101-1. (C) The maximum-likelihood tree generated for 14 E. coli and 6 Shigella strains is based on sequence
comparison of all 1,878 genes in the Escherichia core genome (figure adapted from reference 85). Values at each node are based on 1,000
bootstraps, and the tree is rooted on Escherichia fergusonii. APEC, avian pathogenic E. coli.

pacity than MLST, at least for the three intergenic regions
analyzed. Four of the sequenced E. coli strains had insertion
(IS)-like elements in the flhDC promoter region; these inser-
tion sequences were removed prior to analysis. Both the inter-
genic sequence- and MLST-based trees had the same overall
structures as the tree generated by comparison of 1,878 genes
in the E. coli core genome (85) (Fig. 2C). The results of this in
silico analysis indicated that comparison of promoter se-
quences could effectively be used to differentiate our 284 E.
coli isolates.

Intergenic sequence comparisons can differentiate E. coli
isolates into phylogenetic groups but cannot differentiate host
sources. In total, 284 of 296 E. coli isolates (96%) yielded PCR
products for each of the three intergenic regions. IS-like in-
sertion elements were detected in six isolates, with two having
insertions in the csgB-csgD region and four in the asnS-ompF
region; these insertion sequences were removed prior to anal-
ysis. The average pairwise identity for the final alignment of
2,064 nt was 97.6%. The csgB-csgD region was 736 nt in length
with 98.6% pairwise identity, the uspC-flhDC region was 710 nt
in length with 96.8% pairwise identity, and the asnS-ompF
region was 618 nt in length with 97.2% pairwise identity.

The 284 E. coli isolates clustered into their respective phy-
logroups, with only a few exceptions (Fig. 3). Phylogroup D
was comprised of two distinct clusters of isolates (Fig. 3, star
next to node). The D cluster adjacent to phylogroup B2 in-
cluded reference E. coli strain IAI39 and is predicted to be
ancestral to groups A and B1 and other group D isolates (55,
85). The second D cluster included reference E. coli strain
UMNO026 (85) and EHEC strains EDL933 and Sakai. EHEC
isolates have previously been classified as phylogroup E (33);
however, phylogroup E was not included in our analysis. The
majority of unclassified or nontypeable isolates (33) were dis-

tributed within the phylogroup A cluster of isolates (Fig. 3).
Phylogroup B2 isolates and the ancestral group D cluster of
isolates displayed the largest genetic distances (distance from
center of the tree), which reflected an increased number of
sequence changes. From the point of view of host adaptation,
these isolates would be the most likely to be adapted to their
host environment. The phylogroup A and Bl isolates had in-
termediate branch lengths (Fig. 3). Within each phylogroup,
the genetic similarity between isolates, as measured by average
pairwise identity, ranged from 97.9% for group D, 98.5% for
group A, and 98.9% for group B2 to a high of 99.6% for
group Bl.

When the phylogenetic distribution of E. coli isolates was
overlaid with the host source, a mosaic pattern was observed
with no clear clustering of strains from different host types
(Fig. 4). The only hosts displaying a trend were birds and
humans, due to the predominance of bird isolates in phylo-
group B1 and human isolates in phylogroup B2 (Table 2). The
B1 phylogroup had an almost even distribution of isolates from
different sources (Fig. 4 and Table 2). This diversity, coupled
with the high similarity between isolates, suggested that phy-
logroup B1 isolates are host generalists with minimal adapta-
tion to their host environments. Within phylogroup B2, 42 of
47 isolates that clustered with known urinary pathogenic E. coli
(UPEC) strains (F11, 536, CFT073, APECO01, S88, and UT189)
were of human origin, along with three isolates from a dog and
two from cats. This suggested that humans and household pets
are potential reservoirs for UPEC. Three of five isolates that
clustered with reference EHEC strains EDL933 and Sakai
were from bovine sources, along with one isolate from a pig
and one isolate from a dog (data not shown). Overall, the lack
of host type clustering revealed that there were no molecular
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FIG. 3. Phylogenetic analysis of E. coli isolates based on comparison of c¢sgD-B, flhDC, and ompF promoter-containing intergenic sequences.
An unrooted maximum-likelihood tree was based on comparison of intergenic regions containing csgB-D, flhDC, and ompF promoters from 284
E. coli isolates and 24 reference E. coli strains. Phylogenetic grouping was determined for each strain using multiplex PCR (12) and is matched
with Table 1. This group information was overlaid on the phylogenetic tree using the interactive iTOL online tool. The node that divides group
D isolates into two clusters is marked by the asterisk.
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FIG. 4. Phylogenetic tree for E. coli isolates based on intergenic sequence comparison matched to host source. The unrooted maximum-likelihood
tree generated for our 284 E. coli isolates was overlaid with host or environmental source information from Table 1 using the interactive iTOL online tool.
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T agar

+ Congo red

FIG. 5. Colony morphology of an E. coli isolate displaying the rdar
morphotype. Colony morphology of an E. coli rdar™ isolate is shown
after growth at 28°C for 72 h on tryptone agar or tryptone agar sup-
plemented with Congo red. Note the distinctive, patterned appearance
of the colony and deep red associated with extracellular matrix pro-
duction and formation of the rdar morphotype.

signatures in the csgD-B, flhDC, and ompF intergenic regions
associated with specific host types.

The prevalence of the rdar morphotype and o® activity are
not evenly distributed between E. coli phylogroups. Host-
adapted E. coli isolates are predicted to spend more time in
their primary habitat, the intestinal tracts of mammals, where
selection for a high growth rate would predominate (81). Host-
generalist isolates, in contrast, would be predicted to spend
more time in their secondary habitat, the environment, where
selection for increased survival would predominate. Functional
o° (RpoS) activity is essential for cells to adapt and survive in
the face of a wide variety of environmental stresses (27, 68). o°
controls formation of the rdar morphotype, a multicellular
growth state that has been linked to long-term survival of E.
coli and other enteric bacteria (7, 79, 86, 92).

Phenotypic testing was performed on all E. coli isolates to
determine the prevalence of the rdar morphotype and o° ac-
tivity. Representative images of E. coli rdar morphotype colo-
nies are displayed in Fig. 5. Overall, phylogroup Bl isolates
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had the highest rdar morphotype prevalence at 84.2%, fol-
lowed by phylogroup D isolates at 58%, whereas <50% of
isolates in phylogroup B2 and A were rdar™ (Table 4). This is
consistent with the prediction that E. coli phylogroup B1 iso-
lates are host generalists, whereas phylogroup B2 isolates are
more host adapted. Within phylogroup D, there was a split
between the ancestral cluster, with only 27% (4 of 15) rdar™
isolates, and the nonancestral cluster, with 71% (22 of 31)
rdar™ isolates. For all phylogenetic groups, rdar morphotype
prevalence was lower in human isolates than in nonhuman
isolates (Table 4). Birds had the highest percentage of rdar™ E.
coli isolates at 93%, whereas only 36.5% of human isolates
were positive (Table 4).

The prevalence of o> activity also varied greatly between
different E. coli phylogroups, ranging from a low of 42% o*-
positive for B2 isolates to a high of 88.9% for Bl isolates
(Table 4). Like the rdar morphotype, there was a large dis-
crepancy between human and nonhuman sources; nonhuman
isolates had an overall ¢5-positive rate of 89% versus only 44%
for human isolates (Table 4). Human group B2 isolates were by
far the most likely to have impaired o® activity, with only 33%
of isolates being ¢° positive (Table 4). With the exception of
only 14 isolates, all o>-deficient isolates were negative for the
rdar morphotype. The differences in prevalence of the rdar
morphotype and ¢° activity between groups of E. coli isolates
are thought to reflect lifestyle differences.

Very little metabolic differentiation between E. coli isolates.
Although we did not identify sequence-based signatures that
were host specific, we reasoned that host-adapted E. coli iso-
lates could have elements of host-specific metabolism whereby
their growth is adapted to carbon sources and nutrients that
predominate in the mammalian intestine. In contrast, host-
generalist isolates are hypothesized to retain maximum meta-
bolic flexibility to give the best chance for survival in the en-
vironment. We analyzed 43 E. coli isolates from six different
sources (gull, cow, cat, human, dog, and water) for their ability

TABLE 4. Summary of phenotypic analysis of diverse E. coli isolates

Phenotype (% prevalence) by isolate source?

Isolate group or source No. of isolates” Rdar morphotype” ¢S activity®
All Human Nonhuman All Human Nonhuman

Phylogenetic group

A 38 (15, 23) 342 26.7 39.1 71.1 533 82.6

Bl 108 (13, 95) 84.2* 61.5 87.4 88.9 69.2 91.6

B2 69 (58, 11) 40.5 36.2 63.6 42.0* 32.7* 90.9

D 50 (22, 28) 58.0 36.4 75.0 78.0 63.6 89.3

Ancestral D 15 (9, 6) 26.7 11.1 50.0 40.0 333 50.0

Unclassified 19 (7, 12) 36.8 14.3 50.0 57.9 14.3 83.3

Overall 284 (115, 169) 59.2 36.5 74.5 71.1 443 89.3
Host type

Bovine 44 59.0 713

Birds 43 93.0* 93.0

Other nonhuman mammals 59 76.3 91.5

Human 115 36.5%* 44.3*

Water 23 65.2 100

“ For the phylogenetic groups, the numbers of human and nonhuman isolates, respectively, are shown in parentheses.

? The ability to form rdar morphotype colonies was recorded after growth of isolates at 28°C on LBns agar supplemented with Congo Red.

¢ oS activity was judged by glycogen production and catalase activity after growth of isolates at 28°C on LBns agar.

4 Prevalence was statistically different (+, P < 0.05) from all other phylogenetic groups or host types. Phylogroup D was evaluated as one group.
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FIG. 6. Hierarchical clustering of E. coli isolates based on their substrate utilization patterns. Phenotype microarray (PM) analysis (Biolog,
Hayward, CA) was performed on 43 E. coli isolates to test their ability to metabolize different sources of carbon (PM1 and PM2), nitrogen (PM3),
and phosphate and sulfate (PM4). Data were normalized by background subtraction and variance stabilization prior to clustering (see Materials
and Methods). The Z-score metric corresponds to how many standard deviations above (red) or below (green) the mean the isolate was in
comparison to other isolates. At the bottom of each cluster image, isolates were color coded by their phylogenetic group or host source.

to utilize different carbon, nitrogen, phosphate, and sulfur
sources for growth (Fig. 6). The chosen isolates were evenly
distributed among the A, B1, B2, and D phylogenetic groups.
Hierarchical cluster analysis revealed a slight correlation
between metabolic profile and phylogenetic grouping (Fig. 6A)
but no correlation with the host type (Fig. 6B). This was con-
sistent with our sequence-based comparisons (Fig. 3 and 4).
We hypothesized that host-generalist group B1 isolates would
have more metabolic flexibility than isolates from other phy-
logenetic groups; however, this was observed for only one of
the four array plates (PM1) (data not shown). The majority of
group Bl isolates clustered together (Fig. 6A), indicating that
they shared some common metabolic traits. Group A isolates,
on the other hand, did not cluster together (Fig. 6A) and had
reduced metabolic flexibility, with 12, 35, 53, and 31% reduced
utilization on carbon, nitrogen, sulfate, and phosphate sources,
respectively, compared to the other groups (data not shown).
Our Biolog results might simply reflect the limited diversity of
the isolates chosen or could be representative of a group-wide
trend related to the degree of host adaptation. We concluded
that only through analysis of a larger number of isolates would
it be possible to identify trends in metabolic activity related to
the host source or phylogenetic grouping of E. coli isolates.

DISCUSSION

The process of risk assessment for infectious disease in-
cludes determining the source of contamination and tracking
the movement of causative organisms between animals and

humans (10, 45). We reasoned that intergenic sequence com-
parisons could be a useful tool for microbial source tracking
since promoter mutations can enable bacteria to adapt to
changing environments (60, 67). We analyzed 284 E. coli iso-
lates to see if host-specific molecular signatures could be de-
tected within three large intergenic regions of the genome,
controlling production of curli fimbriae, flagella, and an outer
membrane porin. We hypothesized that this information, com-
bined with the prevalence of virulence genes and other phe-
notypic traits, could be used to develop diagnostic tests to
determine the host source of E. coli isolates and assess the risk
of human infection.

Intergenic sequence alignment was able to differentiate the
284 E. coli isolates into their respective phylogroups (i.e., A,
B1, B2, and D). This was expected because the E. coli phylo-
groups were originally identified using a sequence-based ap-
proach (41). The predictive power of the intergenic sequence
analysis was equivalent to or greater than that of conventional
MLST (95) despite being based on 40% less sequence infor-
mation. Branch length differences in the intergenic sequence-
based tree suggested there could be various degrees of host
adaptation between different phylogenetic groups. Group B2
isolates and isolates in the ancestral group D (85) displayed the
longest branch lengths. Because branch length is proportional
to the number of sequence changes in the regions analyzed,
which are assumed to be representative of other regions in the
genome, we hypothesized that the B2 and ancestral group D
isolates had the greatest probability of being host adapted. In
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contrast, group Bl isolates had shorter branch lengths and high
genetic similarity and thus were predicted to be host general-
ists. Phylogroup A isolates and the remaining group D E. coli
isolates had intermediate branch lengths. Gordon and Cowling
(34) previously described A and B1 strains as generalists and
B2 and D strains as specialists, confirming some of our pre-
dictions. In another large study examining E. coli diversity,
Escobar-Paramo et al. (23) suggested that phylogroups A and
B1 occupy similar commensal niches, distinct from niches oc-
cupied by phylogroups B2 and D. The main trend in our study
was a predominance of B2 isolates from humans and B1 iso-
lates from nonhuman sources, which would seem to agree with
this.

Our analysis showed that E. coli as a group was too geneti-
cally similar to display large differences between isolates. No
host-specific molecular signatures were identified in the inter-
genic regions analyzed. The average pairwise identity for the
csgB-csgD intergenic region from 284 E. coli isolates was
98.6%. The —10 and —35 promoter regions, along with the key
binding sites for OmpR in the csgD promoter (71) and CsgD in
the csgB promoter (9), were nearly 100% conserved. By com-
parison, analysis of the same region among 26 diverse Salmo-
nella isolates yielded an average pairwise identity of 89.2%
(93). For the E. coli fihDC promoter region, we predicted there
would be a lot of variability due to the presence of IS elements
in laboratory strains (1) and the predominance of mutations in
nonmotile, E. coli-related Shigella isolates (84). Although there
were more mutations in operator binding sites within the flhDC
promoter than in the other promoter regions analyzed, the over-
all mutation rate was still low (average pairwise identity of
96.8%). For ompF, promoter mutations have been shown to
occur during in vitro evolution (3), and there is evidence that
this gene is under selection in UPEC isolates (11). However, in
our analysis, the ompF promoter region was also highly con-
served (97.2% pairwise identity). Only one strain had a muta-
tion in conserved nucleotides of the OmpR consensus binding
site (46). In summary, we did not detect group-wide or host-
specific changes predicted to inactivate the promoters ana-
lyzed. Given that recombination is predicted to occur fre-
quently between E. coli isolates (39, 95), the high sequence
identity within the three intergenic regions suggests that puri-
fying selection is strong within the core genome of E. coli. It
could be that noncore genes, which differ widely between iso-
lates (85), determine E. coli host specificity. There is also the
possibility that E. coli isolates are simply not differentiated into
specific hosts (58).

The prevalence of the rdar morphotype and o activity in E.
coli isolates from different phylogroups and host sources could
indicate potential lifestyle differences. It is hypothesized that
true “commensal” isolates would have a reduced requirement
for survival outside the host. These isolates would be predicted
to be rdar negative, due to genetic drift and inactivity (i.e.,
genes are not needed and therefore are under reduced selec-
tion pressure) or because the rdar morphotype has a high
energy cost (100). However, the evolutionary pressures could
be considerably more complex if the extracellular matrix com-
ponents curli and cellulose play a role in host colonization (31,
62, 80). Overall, 59% (168 of 284) of E. coli isolates analyzed
were positive for rdar morphotype (curli and/or cellulose) pro-
duction. This was consistent with Da Re et al. (16), who re-
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ported cellulose production by 53% (47 of 87) of natural E. coli
isolates. In our collection, only 36.5% of human isolates were
rdar positive. This value was lower than expected; Bokranz et
al. (7) previously reported that 79% (41 of 52) of human fecal
isolates and 67% (16 of 24) of urinary tract infection isolates
were positive for curli and/or cellulose production. The dis-
crepancy between our results may reflect geographical differ-
ences (19, 22). Among the phylogroups, B2, A, and the ances-
tral D isolates had reduced prevalence of the rdar morphotype.
This can be explained for B2 and ancestral D isolates if they
are host adapted. Phylogroup A isolates, however, appear to be
somewhat of an anomaly; we are unsure how to explain the
reduced rdar prevalence for this group of isolates. In contrast,
group Bl isolates had by far the highest prevalence, which
would make sense if these isolates are host generalists with an
extended environmental phase in their life cycle.

For ¢®, this important sigma factor has been shown to reg-
ulate the expression of up to 10% of the genes in the E. coli
genome (91). A robust stress response system is necessary to
ensure E. coli survival under harsh conditions; however, it also
associated with a decreased ability to utilize nutrients (53). In
our study, nonhuman isolates in all phylogroups consistently
had higher prevalence of ¢° activity than human isolates. This
may indicate that nonhuman E. coli isolates spend more time
in the environment than their human counterparts. Con-
versely, human E. coli isolates may have sacrificed their o°-
mediated stress responses in order to maximize growth rate
within the human GI tract (25). However, we did not detect
any metabolic distinction between E. coli isolates from differ-
ent host sources, in agreement with what has been reported
previously (47). There was a slight correlation with different
phylogenetic groups but not enough to identify clear metabolic
trends. It is hypothesized that the cycling of E. coli isolates
between the host and the environment will lead to a balance of
intact and mutated rpoS alleles within the population (25). An
overall rate of 20 to 30% rpoS-defective isolates has been
detected previously in several natural populations (5, 26, 90),
which is consistent with our analysis. The phylogroup B2 and
ancestral group D isolates were by far the most likely to have
attenuated o> activity in our study. In the trade-off between
stress resistance and fast growth rates, this fits the hypothesis
that these isolates have a reduced requirement for survival and
persistence in the environment. There are likely two different
scales of evolution occurring. Short-term adaptation within an
individual host over time, as has been observed for Pseudomo-
nas aeruginosa isolates from cystic fibrosis patients (82), could
result in localized loss of ¢ activity and the rdar morphotype.
A more specific, long-term “human” adaptation might be ex-
pected to result in loss of genes. However, this was not ob-
served.

One of the main questions in any phylogenetic analysis of E.
coli is whether each isolate needs to be evaluated individually
in terms of selection pressure and the environments that it is
adapted to living in or whether there are group-wide trends
within the population. Recent work by Luo et al. (58) has
shown that E. coli diversity is greater than previously thought,
with some isolates adapted to live almost exclusively in the
environment. There is also a lot of variability in the pathogenic
potential of isolates; although phylogroup B2 isolates consis-
tently have the highest prevalence of extraintestinal virulence
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genes (21, 49, 50, 69), there are many examples of disease-
causing E. coli strains within the normally nonvirulent phylo-
group B1 cluster (88, 95). Another unknown in population-
based studies is whether the E. coli isolates being evaluated are
resident or transient strains. Short of analyzing gut biopsy
samples, it may be impossible to differentiate these classes of
isolates. Gordon and Cowling (34) stated that the likelihood of
a host harboring E. coli depends on (i) the frequency with
which a host individual is exposed to E. coli, (ii) the probability
that an exposure event will result in the establishment of a
population, and (iii) the mean length of time the E. coli pop-
ulation can persist in the host. Evolutionary success is likely
dependent on the ability of an E. coli isolate to establish a
population in the GI tract of the host (34). It has been sug-
gested that acquisition of virulence genes may be advantageous
for E. coli colonization of the human GI tract and represent a
niche adaptation (55, 65). There has also been a human-spe-
cific lineage of E. coli phylogroup B2 recently described (13).

Many unresolved questions remain for understanding the
complex population biology of E. coli. Our findings suggest
that genome-wide, sequence-based approaches will not be suc-
cessful in determining E. coli host specificity, at least within the
core genome. However, phenotypic analysis revealed that
there are different selection pressures acting on groups of E.
coli isolates, which may be indicative of different lifestyles or
ecological niches. This fits with the findings of Luo et al. (58),
who recently questioned the dogma that the mammalian intes-
tinal tract is the preferred niche of E. coli. Not every isolate
survives an equal length of time in the environment (2, 32), and
there is even the possibility of a dormant state (57). For some
E. coli isolates, survival and persistence in the environment
may be as important as the ability to colonize and grow within
the GI tract of a host.
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