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Multilocus-genotyping methods have shown that Escherichia coli
O157:H7 is a geographically disseminated clone. However, high-
resolution methods such as pulse-field gel electrophoresis demon-
strate significant genomic diversity among different isolates. To
assess the genetic relationship of human and bovine isolates of E.
coli O157:H7 in detail, we have developed an octamer-based
genome-scanning methodology, which compares the distance be-
tween over-represented, strand-biased octamers that occur in the
genome. Comparison of octamer-based genome-scanning prod-
ucts derived from >1 megabase of the genome demonstrated the
existence of two distinct lineages of E. coli O157:H7 that are
disseminated within the United States. Human and bovine isolates
are nonrandomly distributed among the lineages, suggesting that
one of these lineages may be less virulent for humans or may not
be efficiently transmitted to humans from bovine sources. Restric-
tion fragment length polymorphism analysis with lambdoid phage
genomes indicates that phage-mediated events are associated
with divergence of the lineages, thereby providing one explana-
tion for the degree of diversity that is observed among E. coli
O157:H7 by other molecular-fingerprinting methods.

The enterohemorragic Escherichia coli (EHEC) have emerged
as a leading cause of bloody diarrhea (hemorragic colitis) in

the United States (1). The O157:H7 serotype is the predominant
serotype of EHEC isolated from patients in the United States
(2); however, other EHEC serotypes have been also identified
and are more prevalent among hemorragic colitis patients in
other countries (3, 4). Of the EHEC serotypes studied thus far,
each shares a common set of genes that have a demonstrated or
implicated role in pathogenesis. These include the stx1 and stx2
genes encoding the shiga toxins (5, 6), several genes located
within the locus of enterocyte effacement (7–9), and the ehxA
gene encoding a hemolysin (10).

Population genetic analyses of EHEC strains and shiga toxin-
producing E. coli by multi-locus enzyme electrophoresis indicate
that extant EHEC strains are derived from two distinct lineages
(11). The EHEC 1 lineage consists solely of a few closely related
and geographically disseminated multi-locus genotypes each
bearing the O157:H7 serotype. In contrast, the EHEC 2 lineage
is serotypically more diverse, displays a much higher degree of
genomic diversity, and is only distantly related to the EHEC 1
lineage (12, 13). It was therefore hypothesized that the EHEC
lineages diverged from a common ancestor bearing the locus of
enterocyte effacement pathogenicity island, and they were in-
dependently lysogenized by Stx phage (12, 14).

Despite the multi-locus similarity of E. coli O157:H7 strains,
considerable genome diversity has been observed by high-
resolution methods such as pulse-field gel electrophoresis
(PFGE) (15–18). The detection of restriction fragment length
polymorphisms (RFLPs) by hybridization with phage l (19, 20)
suggests that movement of prophage into or out of the genome
may be partly responsible. Diversity has also been proposed to
occur in the O157:H7 genome through transient appearance of
mutator strains, which enhance the rate at which foreign DNA
can be recombined into the genome (21). Experimentally,

however, it is unclear what accounts for the degree of diversity
observed by PFGE.

To assess the genetic relatedness of E. coli O157:H7 isolates
in detail, we used compositional bias of the E. coli chromosome
to develop a method termed octamer-based genome scanning
(OBGS). OBGS is based on PCR amplification of genomic
segments that lie between over-represented, strand-biased oc-
tamers in the genome. In the E. coli K-12 genome, there are 150
different over-represented oligomers whose occurrence is
skewed to one strand of the genome (23). Of these, 23 are
octamers that occur from 515 to 867 times (24). Each of the
octamers is biased to the leading strand of each replichore, and
collectively their complements are believed to provide priming
sites for discontinuous DNA replication (23, 24). To perform
OBGS, fluorescent PCR primers based upon octamers biased to
the leading strand are combined with unlabeled octamers biased
to the lagging strand (complements of leading strand octamers).
The size distribution of fluorescently labeled OBGS products is
then measured by fragment analysis on automated sequencers
followed by creation of binary files from the presence and
absence of bands (Fig. 1). Because the distribution of OBGS
products is measured on automated DNA sequencers, products
that differ in length by as little as a single nucleotide between
samples can be resolved. Thus, the occurrence of large-scale
genome alterations as well as single nucleotide insertions or
deletions can be detected among segments amplified from
different strains.

In this paper, we show that OBGS analysis distinguishes two
lineages of E. coli O157:H7. Human and bovine isolates are
nonrandomly distributed among the lineages. RFLP analysis
with lambdoid phage probes further demonstrate that phage-
mediated events are associated with divergence.

Materials and Methods
Bacterial Strains. E. coli O157:H7 strains were obtained from
Charles Kaspar (Food Research Institute, University of Wis-
consin, Madison, WI), Thomas Cebula (U.S. Food and Drug
Administration, Washington, DC), and Paul Fey (University of
Nebraska Medical Center, Omaha, NE). Human isolates
(FRIK523–FRIK856) and dairy cattle isolates (FRIK920–
FRIK1641) from Wisconsin were previously described (18, 25).
Human isolates from locations across the United States were
derived from documented sporadic cases of hemorragic colitis in
Nebraska (NE007–112), California (FDA513, FDA518, and
ATCC43890), Michigan (FDA516), North Carolina
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(ATCC43889), Washington state (FDA517), Alaska (FDA519),
and Oregon (FDA520) and outbreaks in Washington state
(86–24, 93–001 through 93–066, and 95–003) and Michigan
(ATCC483894 and ATCC43895). Dairy cattle isolates from
geographically unlinked locations (FRIK1985–FRIK2004) were
obtained from a collection of isolates generated during the U.S.
Department of Agriculture, National Animal Health Monitoring
System survey (26). The E. coli Reference (ECOR) collection
(27) was obtained from Thomas Whittam (Pennsylvania State
University, State College, PA). Strain MC1061 (a K-12 deriva-

tive) was obtained from A. Newton (Princeton University,
Princeton, NJ).

Primer Design. Primers for OBGS were based on frequently
occurring octamers in the E. coli K-12 genome (24). For OBGS
reactions, one primer in each combination was labeled with a
fluorophore (IRD800) that emits in the near-infrared region of
the spectrum (Li-Cor, Lincoln, NE). Each OBGS primer com-
bination consisted of a fluorescent primer based on an octamer
biased to the leading strand and an unlabeled primer based on
a second octamer biased to the lagging strand (complement of
a leading strand octamer). Because of the effect of 59-
f luorochromes on annealing of the octamers, an AT dinucleotide
was added to the 59-end of each primer. The fluorescently
labeled primers used in this study are K12OCT3B (ATGCTG-
GTGG), K12OCT4B (ATGCTGGCGG), K12OCT7 (ATTG-
GCGCTG), K12OCT14 (ATGCTGGCGA), K12OCT21 (AT-
GCGCTGGA), and K12OCT22 (ATCTGGCGAA). Unlabeled
primers were purchased from Genosys (Woodlands, TX). Un-
labeled primers used in this study are K12OCT1C (ATCGC-
CAGCG), K12OCT4C (ATCCGCCAGC), K12OCT6C (AT-
GCCAGCGC), K12OCT8C (ATGCGCCAGC), K12OCT13C
(ATTGCGCCAG), and K12OCT19C (ATCTTCCAGC).

OBGS. OBGS reactions were conducted in a volume of 20 ml.
Each reaction contained 50 ng of chromosomal DNA, 0.5 pmol
of each primer, 750 mM dNTPs, 50 mM Tris (pH 9.3), 4 mM
MgCl2, and 0.5 units of Sequitherm (Epicentre, Madison, WI).
The reactions were denatured for 2 min at 95°C followed by 30
cycles of 10 sec at 25°C, ramp to 40°C at 1°Cy4 sec, 15 sec at 40°C,
30 sec at 72°C, and 15 sec at 95°C. After completion of the
cycling, an equal volume of loading dye (0.012% bromphenol
bluey0.1 mM EDTA, pH 8.0, in 100% formamide) was added. A
portion (1 ml) of each reaction was then loaded onto 4%
denaturing polyacrylamide gels (66-cm gel length) in a Li-Cor
4000L automated sequencer. Fragment length was calculated
from molecular weight markers that were run alongside the
reactions by using RFLPSCAN software (Scanalytics, Fairfax,
VA). OBGS profiles were stable on repeat testing after three
successive passages.

Data Analysis. Binary files were created in Microsoft EXCEL 97
from printed copies of the Images produced by an Alden
9315CTP photographic quality thermal printer (Alden Electron-
ics, Westborough, MA). The files were generated from the
presenceyabsence of bands (Fig. 1) between 200 and 1,500 bases
in length and binary files from each primer combination were
combined head to tail in Microsoft WORD 97. Phylogenetic
relationships based on the OBGS characters were assessed
through maximum parsimony methods in PAUP 4.0 (28) and by
Neighbor Joining (NJ) analysis (29), both of which yielded
similar results. The E. coli K-12 strain MC1061, which is phylo-
genetically distant from E. coli O157:H7, was included in each
analysis as an outgroup to assess the ancestral state of the
characters as described (13).

Isolation of Bacteriophage HB4. Bacteriophages were isolated from
culture supernatants of the human isolate FRIK551 (stx11,
stx21) after incubation for 24 hr at 37°C. Supernatants were
filtered through a 0.45-mm filter and spotted onto lawns of E. coli
HB101. Plaques were then excised and incubated in Luria broth
for 30 min, and dilutions were plated onto lawns of HB101.
Eleven different plaques that displayed unique sizes and turbid-
ity were chosen and plaque purified on lawns of HB101.
Genomic DNA from the phage isolates was prepared as de-
scribed (30). Restriction analysis with BamHI indicated that all
but one band were conserved among the isolates. One isolate,
designated HB4, was chosen as a representative. DNA sequence

Fig. 1. OBGS strategy. (A) The occurrence of a set of leading strand-biased
(OCT21) and lagging strand-biased (OCT13C) octamers, indicated by arrows,
on a contiguous segment of the chromosome. The black rectangles between
the arrows illustrate the segments of the genome that would be amplified by
OBGS reactions with the OCT21 and OCT13C primer pair at primer saturation.
(B) A section of the image file from OBGS reaction products of several E. coli
O157:H7 strains and the K-12 strain MC1061 is shown after data collection.
Molecular sizes are indicated in base length on the left. The image was
compacted 53 vertically. The large arrow indicates an OBGS reaction product
whose binary character scores for the different strains is indicated immedi-
ately below the image (1 5 presence; 0 5 absence).
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analyses of three cloned segments from HB4 were conducted for
further characterization of the phage (accession nos. AF177208–
AF177210).

RFLP analysis was conducted on genomic DNA of E. coli
O157:H7 isolates digested individually with EcoRV, BamHI, and
HindIII. Hybridization probes were prepared from total HB4
genomic DNA by random priming. Hybridization was performed
at 65°C for 16 hr in 0.5 M sodium phosphate (pH 7.4), 1% BSA,
7% SDS, and 1 mM EDTA. The blots were washed in 40 mM
sodium phosphate at 65°C and subjected to autoradiography.
From three different digests, 19 informative RFLPs were ob-
served. These were converted to binary characters and the taxa
were subjected to analysis by the Unweighted Pair Group
Method with Arithmetic means (UPGMA) algorithm in PAUP
4.0 (28). Based on the 19 polymorphic characters, six prominent
clades were observed and denoted subtypes A–F.

Results
OBGS Parameters. From 506 possible combinations of the 23 most
over-represented octamers and their complements (23 leading
strand octamers 3 23 lagging strand complements 2 23 com-
plementary pairs), 70 combinations were arbitrarily chosen and
tested on a set of two E. coli O157:H7 strains (FRIK1641 and
FRIK533) and strains from the ECOR collection (ECOR20 and
ECOR50).

Within the 200- to 1,500-base window, 18 combinations pro-
duced .200 bands, 43 produced between 150 and 200 bands, and
9 produced ,150 bands. Six of 61 combinations that generate
150–250 bands were chosen for further characterization based
on maximum discrimination of the E. coli O157:H7 strains from
the ECOR strains. To estimate the degree of genome coverage,
the combined length of amplification products from these six
combinations was measured within the 200- to 1,500-bp window.
The combined length of amplicons from E. coli O157:H7 strain
FRIK1641 is shown in Table 1. The six primer combinations
provided a range of coverage from 154,268 bases (K12OCT3B–
K12OCT4C) to 227,178 bases (K12OCT4B–K12OCT19C), and
together the OBGS amplicons from all six primer combinations
provided an estimated 1,098,002 bases of comparative informa-
tion. This estimate does not account for redundancy resulting
from overlapping OBGS products in regions of closely spaced
octamers. Among the products from the two O157:H7 strains, 61
polymorphisms were observed, indicating that OBGS can detect
significant diversity between isolates of the O157:H7 clone.

Application of OBGS Analysis to E. coli O157:H7 Isolates from a Limited
Geographic Region. Epidemiological studies of E. coli O157:H7 in
humans and cattle have generated large sets of strains with
corresponding biochemical and genetic profiles. Except for

instances in which human isolates have been epidemiologically
linked to isolates from food, little is known about the detailed
genetic relationship of these isolates. We therefore initiated our
studies on a characterized strain set derived from dairy cattle and
humans within a three-county region of Wisconsin. Human
isolates in this set were derived from sporadic cases (FRIK523–
FRIK579) and an outbreak of hemorragic colitis at a daycare
center (FRIK583–FRIK856) that occurred during 1994 (25).
Cattle isolates (FRIK920–FRIK1641) were derived from a
1995–1996 longitudinal study of three dairy cattle farms in this
same region (18).

OBGS analysis was performed on each isolate by using the six
different primer combinations characterized above. The
O157:H7 strain ATCC43895 (EDL933) was included as a stan-
dard O157:H7 strain, and the K-12 derivative MC1061 was
included as an outgroup. Of 1,251 OBGS reaction products
scored from this strain set, 191 segments were variable among
the O157:H7 strains, indicating that within this limited geo-
graphic region, a considerable amount of genomic diversity can
be observed by either PFGE (18, 25) or by OBGS. Of these
variable segments, 140 were parsimony-informative.

A dendrogram obtained by NJ analysis (Fig. 2) demonstrated
that the strains constituted a monophyletic lineage that has
diverged into two distinct populations, one containing primarily
human isolates and the other containing primarily cattle isolates.
These results suggest that a substantial portion of the E. coli
O157:H7 strains isolated from cattle may comprise a genetically
distinct population that is not commonly isolated from human
cases of hemorragic colitis. However, because the cattle herds
are regionally confined and human isolates could have origi-
nated from food sources outside of this region, it remained
possible that the limited geography of strain sampling influenced
the distribution.

The Two Subpopulations of E. coli O157:H7 Are Geographically Dis-
tributed. We next tested human and bovine isolates from a
broader geographic region to determine whether geography

Fig. 2. Genetic relationships of human and cattle isolates of E. coli O157:H7
from a three-county region in Wisconsin. The dendrogram was produced by NJ
analysis of binary files representing presence and absence of 1,251 OBGS
segments from each strain with six different OBGS-primer combinations (tree
length 5 960, consistency index 5 0.74, retention index 5 0.83 with 168
characters). The tree is rooted with the K-12 derivative MC1061 as an out-
group. Among the O157:H7 strains, 1,060 of 1,251 characters were conserved.
Human isolates (H) and cattle (C) isolates were previously described (18, 25).
Bootstrap percentages, derived from 1,000 replicates of a NJ search, are
indicated at nodes of clusters scoring .50%.

Table 1. Estimates of chromosome coverage from OBGS
reactions

Primer
combination† No. of bands‡ Length, bases§

OCT3B*–OCT4C 186 165,155
OCT4B*–OCT19C 245 227,178
OCT7*–OCT8C 235 215,356
OCT14*–OCT1C 167 174,872
OCT21*–OCT13C 189 161,173
OCT22*–OCT6C 165 154,268
Total 1,187 1,098,002

†Labeled primers are marked with an asterisk.
‡Total number of bands resolved between 200 and 1,500 bases in length from
E. coli O157:H7 strain FRIK 1641.

§Combined sizes, in bases, of the bands resolved between 200 and 1,500 bases
in length.
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biased our data. We reasoned that if the subpopulation of bovine
isolates from Wisconsin were unique to that region, then these
strains would remain genetically unrelated to cattle or human
isolates from other states. Alternatively, if the subpopulation
were unique to cattle, we would anticipate that cattle isolates
from geographically unlinked locations would be genetically
related to the Wisconsin cattle strains. In the case of the latter,
we would also anticipate that most human isolates would be
distinct from this population.

Additional cattle isolates for these experiments were obtained
from a collection of isolates from a 1991–1992 prevalence study
of E. coli O157:H7 in dairy cattle herds across the nation (26).
The isolates were derived from 16 different states, including
Minnesota, Idaho, Maryland, New York, Oregon, Tennessee,
New Hampshire, Colorado, Wisconsin, Washington, Ohio, Ne-
braska, Florida, Vermont, Georgia, and California. Additional
human isolates, collected from outbreaks and sporadic cases of
hemorragic colitis cases in Alaska, Oregon, California, Montana,
Michigan, Nebraska, North Carolina, Washington, and Wiscon-
sin during the years 1982–1998 were also included. By using the
same primer combinations described above, 1,250 OBGS prod-
ucts from this strain set were evaluated (Fig. 3). In this geo-
graphically and temporally dispersed strain set, only 892 OBGS
products were conserved among the O157:H7 strains. Of the 358
variable segments, 223 were parsimony-informative. Thus, the
genomic diversity of the strains increased with geographic and
temporal distribution as would be expected; however, the rela-
tionship of the strains was more informative.

Consistent with our findings with the Wisconsin set, NJ
analysis of this geographically and temporally dispersed strain set
(Fig. 3) demonstrated the existence of two distinct lineages (I
and II). Bovine isolates from geographically unlinked locations
were highly related to the large set of bovine isolates from
Wisconsin and constituted the majority of strains in lineage II,
indicating that this clade is not regionally specific. The absence
of human isolates within the clade suggests that this population
is not readily transmitted to humans or is not readily capable of
causing disease. In fact, the scant representation of human
isolates among lineage II suggests that the entire lineage may be
impaired in transmissibility to or virulence in humans.

In contrast to lineage II strains, most bovine isolates in lineage
I were dispersed among the lineage and related to human
isolates, as would be expected because contaminated beef is one
source for transmission of E. coli O157:H7 to humans. Assuming
the bovine isolates from the National Animal Health Monitoring
Systems survey (FRIK1985–FRIK2004) are representative of
distribution of the two lineages in the United States, our results
predict that only one-third (7y20) of bovine isolates belong to the
apparently more virulent lineage I.

Lambdoid Prophage and Divergence of the E. coli O157:H7 Lineages.
Among the OBGS products from each octamer combination, we
noted the occurrence of at least three polymorphic OBGS
products that were exclusive to most isolates of lineage I or II.
The frequency in which such dimorphic segments of the genome
would be detected by OBGS is determined by dispersion of the
polymorphisms relative to the nearest octamers andyor by the
likelihood of polymorphisms resulting from insertions that are
large enough to contain octamers. The latter provides a much
simpler explanation for divergence because movement of large
octamer-containing elements such as prophage or pathogenicity
islands, would require fewer events to generate the two sub-
populations than acquisition of multiple polymorphisms.

To test this hypothesis, we isolated lambdoid phages from
supernatants of E. coli O157:H7 cultures. DNA sequence anal-
yses of three cloned segments from one such phage (phage HB4)
showed strong similarity (98% identity) to the recT gene that is
part of the cryptic lambdoid phage Rac of K-12 (31) and 80%

identity to the l J gene encoding a component of the tail. The
HB4 phage genome was then used as a probe in RFLP analyses
of a subset of E. coli O157:H7 strains from each population.
Phylogenetic analysis of RFLPs generated from different re-
striction digests grouped the strains into six different subtypes
(A–F), which were then superimposed onto an NJ tree derived
from OBGS characters (Fig. 4).

The confinement of subtypes A, B, and C to lineage I and of
subtypes D, E, and F to lineage II demonstrates that phage-

Fig. 3. Genetic relationships of cattle and human isolates of E. coli strains
from across the United States. The dendrogram was produced by NJ analysis
of binary files representing the presence and absence of 1,250 OBGS products
from each strain derived from six different OBGS-primer combinations (tree
length 5 1398, consistency index 5 0.61, retention index 5 0.81 with 235
characters). Among the O157:H7 strains, 892 of 1,250 bands were conserved.
The tree is rooted using the K-12 derivative MC1061 as an outgroup. The state
from which each strain originated is indicated by the two-letter abbreviation
in parentheses. Human isolates have an H at the end of the designation and
bovine isolates are in bold. The year of isolation is indicated to the right.
Bootstrap percentages, derived from 1,000 replications of a NJ search, are
indicated at nodes scoring .50%.
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associated polymorphisms segregate precisely along lineages
predicted by OBGS analysis. Genotypes A and E were the most
prevalent among the lineage I and II strains, respectively,
suggesting that polymorphisms distinguishing these genotypes
may reflect the ancestral events. Such concordance implies that
phage-mediated events caused or were a consequence of diver-
gence of the two lineages. Because integration, excision, and
recombination among HB4 and other lambdoid phage could
generate the polymorphisms that were detected, the precise
nature of the phage-mediated events remains to be determined.

Discussion
To further characterize the genetic relatedness of E. coli
O157:H7 isolates, we have developed OBGS, a unique strategy
for detailed genome comparison based on compositional bias of
the genome. The abundance of specific oligomers and their
random distribution among coding and noncoding regions of the
chromosome (23, 24) provide ideal substrates for comparative
genome analyses. Skewed oligomers have been detected in
nearly all of the microbial genomes that have been completed
(23). In each of the genomes, stand bias of the oligomers shifts
abruptly very near the predicted or experimentally determined
origin and terminus of replication, suggesting a role in DNA
replication (23). In the case of E. coli, conservation of the CTG
sequence within many of the leading strand oligomers suggests
that their complements could serve as priming sites for discon-

tinuous DNA synthesis on the lagging strand (24). However, the
CTG motif is not conserved among oligomers across species
(23), suggesting that primase specificity is not conserved or that
the compositional bias is conserved for other reasons. Never-
theless, the pervasiveness of compositional bias among microbial
genomes indicates that OBGS can be used widely for compar-
ative genome analyses.

Based on our calculations (Table 1), single-pass genome
coverage in E. coli can be accomplished by OBGS with '30
octamer combinations. Enough primer combinations can there-
fore be generated from the matrix of strand-biased octamers and
their complements to provide the redundancy necessary to
ensure sampling of the entire genome. Because OBGS generates
PCR-amplified products, phylogenetically relevant products can
be purified from discontinuous gels for reamplification and
subsequent DNA sequence analysis.

OBGS Analysis of E. coli O157:H7 Populations. Phylogenetic analysis
of OBGS products indicates that the O157:H7 clone has diverged
into two genetically distinct lineages. Based on mean character
differences among pairwise alignments of OBGS characters,
strains in lineage I and II averaged 7.6% mismatches ,whereas
alignments between strains within each lineage averaged only
2.4% mismatches, implying that the lineages are monophyletic
but significantly divergent.

Remarkably, most human and bovine isolates are found in
separate lineages. Similar distribution of bovine and human
isolates between the two lineages was observed in a geograph-
ically and temporally unlinked strain set (Fig. 3), indicating that
the lineages are widely disseminated within the United States.
The nonrandom distribution of human and bovine isolates
among the lineages suggests that lineage II strains may not
readily cause disease or may not be transmitted efficiently to
humans from bovine sources. This finding could reflect acqui-
sition of a new physiological or virulence characteristic in lineage
I that facilitates pathogenesis or transmission to humans. Alter-
natively, the distribution may reflect a loss of characteristics in
lineage II that are necessary for virulence in humans, perhaps as
a consequence of adaptation to the bovine environment. In
support of the differential virulence hypothesis, epidemiological
surveys in central Europe and Australia have found a lower
incidence of O157:H7 among human cases of hemorragic colitis
in these countries despite prevalence of the organism in cattle
similar to that in the U.S., leading to the prediction of a less
virulent subpopulation of E. coli O157:H7 in animals (3, 4). We
are currently evaluating virulence of a representative stain set
through in vitro assays and animal models, and conducting
epidemiological studies to further characterize transmission
patterns of the lineages.

The Role of Prophage in Divergence. Although we observed con-
siderable heterogeneity among all of the E. coli O157:H7 isolates
that were examined (only 71% of OBGS amplicons from
O157:H7 strains were monomorphic), the frequency of OBGS
products distinguishing isolates in lineage I and II implicated an
association of large segments of DNA in divergence of the
populations. Concordance of the RFLP subtypes detected by
hybridization to the lambdoid phage HB4 and phylogenetic
analysis of the strains by OBGS analysis suggests lysogenization,
excision, recombination, or other genetic events among pro-
phage was associated with divergence. We have recently deter-
mined that presenceyabsence of HB4 itself is not responsible for
the polymorphisms because Southern blot analysis demonstrates
that all but a single HB4-genomic band comigrate with mono-
morphic bands from all O157:H7 strains examined to date (J.N.
and A.K.B, unpublished data). However, we cannot yet rule out
the possibility of HB4 integration in different regions of the
chromosome.

Fig. 4. Phylogenetic relationships of E. coli O157:H7 strains and the concor-
dance of lambdoid phage-mediated polymorphisms. The dendrogram was
generated by NJ analysis of binary files representing the presenceyabsence of
1,250 OBGS reaction products from six different OBGS combinations (tree
length 5 1,080, consistency index 5 0.74, retention index 5 0.79 with 187
characters). Strains isolated from cattle are in bold and have a (C) at the end
of the designation. Of the O157:H7 strains, 953 characters were constant. The
letters in the column HB4 RFLP represent subtypes obtained by RFLP analysis
by using HB4-genomic DNA as a probe. The six different HB4 RFLP subtypes
were distinguished by Unweighted Pair Group Method with Arithmetic means
(UPGMA) analysis of 19 variable characters generated from three different
restriction digests of genomic DNA from the strain set.

13292 u www.pnas.org Kim et al.



The association of phage-mediated events with divergence
suggests that the events either caused or were a consequence of
divergence. If the consequence of divergence, these polymor-
phisms may be selectively neutral relics that serve as convenient
markers for divergence. In contrast, lambdoid prophage could
impart differential fitness through effects on virulence or phys-
iological characteristics of the host cell. Examples of such
characteristics include serum resistance conferred by l lom and
bor genes (32), restriction and modification systems associated
with l and Rac (33), exclusion of other phages by l rexAB (34),
virulence properties by shiga-toxin genes (5, 6), inhibition of
chromosomally encoded programmed cell death by l rexAB (35),
and putative proteins that alter host signal transduction path-
ways (36).

Comparative Genomics and Microbial Ecology. Comparative genome
analysis by methods such as OBGS is an emerging field of applied
genomics that provides new insights into the ecological and
physiological basis for microbial population structures. Coverage
of the genome by OBGS and DNA sequence analysis of relevant

polymorphisms will permit us to pinpoint genome alterations
that may have contributed to population structure. Experimen-
tally dissecting the impact of such alterations on gene function
and physiology will ultimately provide a means to infer how
changes in human practices such as agriculture and animal
husbandry suppress and select populations of E. coli O157:H7
and other populations of emerging pathogens.
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