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S| Materials and Methods

Bacterial Strains. The strain panel represents a diverse and fairly
comprehensive strain collection consisting of historical strains
and strains associated with recent sporadic E. coli O157:H7
outbreaks obtained from clinical, bovine, and environmental
sources. Strain history and associated metadata of the E. coli
O157:H7 strains used in this study are listed in Dataset S1. The
strain panel contains 208 lineage I/II strains linked to the spinach
(SP) outbreak obtained from 24 of the 26 affected states in
August and September, 2006. Strain sources are the bovine host
reservoir, bagged spinach, and ill patients; these strains enabled
the study of fine genetic polymorphisms from a potential animal
reservoir to passage in human (Dataset S1). The bovine strains
were obtained from cattle in the Salinas Valley of California in
an area of spinach production implicated in the outbreak. Three
strains, lineage I/I strains EC536 and EC508 and lineage II
strain EC869, were included based on cladistic multilocus and
sequence typing and microarray analysis that showed phyloge-
netic relatedness to typical spinach-outbreak strains (1). The
panel contains four clinical strains from two outbreaks [Taco
Bell (TB) and Taco John (TJ)] that occurred almost simulta-
neously in November and December, 2006, and further lineage I
strains EDL933, Sakai, and TW14588, the lineage I/Il strain
TW14359, the lineage II strains FRIK2000 and FRIK966 (2),
and 191 strains derived from the 2006 SP outbreak (Dataset S1).
The original glycerol stocks have been cultivated only once for
single-colony DNA isolation subjected to whole-genome se-
quencing. Bacterial strains are available from the Food and Drug
Administration (FDA) E. coli reference strain collection.

Genome Architecture and Phage Prevalence. Genomic architectures
were compared on the nucleotide and proteome level using
Mauve (3, 4) and BLAST score ratio analysis (Table S2). For
each of the predicted proteins in the O157:H7 genomes,
a BLASTP raw score was obtained for the alignment against
itself (REF_SCORE) and the most similar protein (QUE_S-
CORE) in each of the genomes. Dividing the QUE_SCORE
obtained for each query genome protein by the REF_SCORE
normalized these scores. This methodology also was applied for
the comprehensive phage analysis. Proteins with a normalized
ratio <0.4 were considered to be nonhomologous. A normalized
BLAST score ratio of 0.4 generally indicates that two proteins
are 30% identical over their entire length (5).

Genome Visualization. The y’s and GC skews were computed
according to Nelson et al. (6). For the chromosomal y* a window
size of 2 kb and a sliding window of 1 kb were used, whereas
a window size of 1 kb and a sliding window of 0.2 kb were used
for the plasmids. GC skews were calculated with a window size of
1 kb for the chromosome and 0.2 kb for the plasmids. The whole-
genome alignment tool NUCmer (7) was used to calculate the
overall genome identities.

Sanger DNA Sequencing. Genomic DNA of 12 E. coli O157:H7
strains was subject to random shotgun sequencing and closure
strategies using a combination of Sanger and 454 sequencing as
previously described [EC4206 (7 contigs), EC4045 (8 contigs),
EC4042 (4 contigs), EC4196 (186 contigs), EC4113 (231 con-
tigs), EC4076 (135 contigs), EC4401 (186), EC4486 (165 con-
tigs), EC4501 (250 contigs), EC508 (272 contigs), and EC869
(147 contigs)] (Dataset S1). (6). Two random insert pHOS2 li-
braries with insert sizes of 3-5 kb and 10-12 kb and a fosmid
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library of 35-40 kb were constructed. Draft genome sequences
were assembled using Celera Assembler (8).

Genome Annotation. The chromosomes, plasmids, and draft contigs
were annotated manually using the MANATEE system (http:/
manatee.sourceforge.net/).

454 DNA Sequencing. Whole-genome draft 454 sequences of six
additional representative outbreak-associated strains [EC4009
(845 contigs), EC4084 (881 contigs), EC4127 (791 contigs), EC4191
(267 contigs), EC4205 (1583 contigs), EC4192 (958 contigs)] and
the FDA reference strain EC536 (678 contigs) were obtained in
collaboration with the National Bioforensics Analysis Center.
Assembly of sequencing reads into contigs and subsequent ordering
of these contigs into scaffolds was performed with GS De Novo
Assembler software (Roche). For genome sequencing, two to five
Roche FLX 454 pyrosequencing runs were typical, and each yiel-
ded, on average, 5 million bases.

Pyrosequencing Assays. Pyrosequencing assays were designed to
confirm predicted SNP locations and to detect genotypic variation
within the studied outbreak population. When a BLASTN search
of the sequence surrounding the SNP (600 nt) resulted in multiple
and ambiguous hits in some genomes, a pyrosequencing assay was
not attempted. Verified SNP assays were used to test 208 strains
from the SP outbreak and related strains for variation. Primer
design was accomplished using PSQ Assay Design Software v
1.0.6 (Biotage AB), which designs forward and reverse PCR
primers for a 50- to 150-bp amplicon including one biotinylated
primer and a sequencing primer.

PCR for Pyrosequencing. Each PCR reaction contained 5 pL DNA
template, 5 pL 10x PCR buffer with 1.5 mM MgCl, (Perkin-
Elmer), 5 pL of 2.5 mM dNTP (Pharmacia), 1.3 pL forward
primer (10 pM), 1.3 pL biotinylated reverse primer (10 pM), and
1.5 U Taq DNA polymerase (Promega) in a 50-pL reaction.
Amplification was performed in a PTC-200 thermal cycler (MJ
Research) under the following conditions: initial denaturation at
94 °C for 5 min; 94 °C for 30 s, 54 °C for 30 s, and 72 °C for 30 s
(45 cycles); and final incubation at 72 °C for 10 min.

Pyrosequencing SNP Assay. A total of 20 pL of biotinylated PCR
product was immobilized onto 3-pL streptavidin-coated Se-
pharose beads (Amersham Biosciences) in 40 pL of binding
buffer, pH 7.6 (10 mM Tris-HCI, 2 M NaCl, 1 mM EDTA, 0.1%
Tween 20), in each well of a 96-well plate. Each plate was in-
cubated at room temperature for 10 min with shaking (900 rpm)
to keep the beads dispersed. Beads were picked up with a vac-
uum prep tool (Biotage AB), immersed for 5 s each in 70%
ethanol, 0.2 M NaOH, and washing buffer, pH 7.6 (1 mM Tris-
acetate), and then were dispensed into a 96-well plate containing
4 pL 10 mM primer in 40 pL annealing buffer, pH 7.6 (20 mM
Tris, 2 mM magnesium acetate-tetrahydrate). Annealing was
performed by heating each plate to 80 °C in a heat block for
2 min. The pyrosequencing was performed on an automated
PSQY96MA instrument using the PSQ 96 SNP reagent kit (Qia-
gen) according to the manufacturer’s instructions.

Optical Mapping. Optical maps for nine strains were generated that
facilitated closure and assembly, thus allowing a detailed study of
the prophage dynamics and their respective genome localization
in the studied population. Optical maps were prepared by
OpGen. After gentle lysis and dilution, high-molecular-mass
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genomic DNA molecules were spread and immobilized onto
derivatized glass slides and digested with BamHI. Using the Argus
instrument (Opgen), the DNA digests were stained with YOYO-1
fluorescent dye and were photographed using a fluorescent micro-
scope interfaced with a digital camera. Automated image-analysis
software (OpGen) located and sized fragments and assembled frag-
ments from multiple scans into whole-chromosome optical maps.

Biolog Phenotype Microarray. Strains to be tested were plated on
Biolog Universal Growth medium and incubated overnight at 37 °
C. Cells were swabbed from the plates after overnight growth
and were suspended in appropriate medium containing Dye Mix
C (Biolog). Then 100 pL of a 1:200 dilution of an 85% trans-
mittance suspension of cells was added to each well of the
phenotype microarray (PM) plates. Plates 1-8, which test for
catabolic pathways for carbon, nitrogen, phosphorus, and sulfur
and for biosynthetic pathways, and plates 9 and 10, which test for
osmotic/ion and pH effects, were used in this study. IF-0 GN
base (Biolog) was used for PM plates 1 and 2. IF-0 GN base plus
20 mM sodium succinate, pH 7.1, and 2 pM ferric citrate was
used for plates 3—8. IF-10 base (Biolog) was used for plates 9 and
10. Plates were incubated in the OmniLog (Biolog) for 48 h with
readings taken every 15 min. Data analysis was performed using
Kinetic and Parametric software (Biolog). Phenotypes were de-
termined based on the difference of the area under the kinetic
curve of dye formation between the mutant and wild type. Data
points for the entire 48 h were used for PM plates 1-8, and area
differences were mean-centered by plate.

Accession Numbers. The genome sequences are deposited in GenBank
under accession nos. EC4115 [CP001164 (chromosome), CP001163
(pO157), CP001165 (pECA4115)], EC4206 (ABHK00000000, 54.362
reads, 7 contigs), EC4045 (ABHL00000000, 56,363 reads, 8 contigs),
EC4042 (ABHMO00000000, 54,604 reads, 4 contigs), EC4196
(ABHO01000000, 55,767 reads, 186 contigs, 9.11x), EC4113
(ABHP00000000, 54,692 reads, 231 contigs, 8.37x), EC4076
(ABHQO01000000, 58,353 reads, 135 contigs, 8.75x), EC4401
(ABHRO01000000, 53,229 reads, 186 contigs, 8.09x), EC4486
(ABHS00000000, 57.454 reads, 165 contigs, 8.6x), EC4501
(ABHTO00000000, 56.737 reads, 250 contigs, 9.18x), EC508
(ABHUO00000000, 55,923 reads, 147 contigs), and EC869
(ABHUO00000000, 54,466 reads, 147 contigs, 8.66x). The 454
sequence draft of strains EC4205 (ADVB01000000), EC4084
(ADUY01000000), EC4127 (ADUZ01000000, EC4191
(ADVAO01000000), EC4192 (ADUX01000000), EC4192
(ADMX01000000), and EC536 (ADVC01000000) has been depos-
ited at GenBank. Respective genome assemblies have been depos-
ited in the National Centers for Biotechnology Information (NCBI)
Assembly Archive, and the electropherogram data of the Sanger
sequencing traces are available from the NCBI Trace Archive.

SNP Discovery. We have developed and applied a bioinformatics
pipeline that facilitates the discovery of fine polymorphisms in
completed and draft genomes to reconstruct a detailed evolu-
tionary history of the E. coli O157:H7 lineage. SNP calls were
curated based on quality scores and were curated manually for
false-positive SNP calls resulting from misalignment, paralogous
genes, or insufficient genome coverage. A total of 1,225 candi-
date SNPs in both coding and noncoding DNA were identified in
pairwise genome comparisons in respect to the reference E. coli
O157:H7 strain EC4115. SNPs were identified by comparing the
closed chromosome of EC4115 with draft contigs of the out-
break-associated strains, reference strains, and the previously
sequenced strains EDL933 (9), Sakai (10), TW14359 (11), and
FRIK2000 and FRIK966 (2) using MUMmer (12). Because we
had access to detailed genome assembly, for genomes sequenced
in this study we considered the polymorphic site to be of high
quality when its underlying sequence in the sequenced reference
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genome EC4115 and query genomes comprised at least three
sequencing reads with an average Phred quality score >30 (13).
For all other strains (sequenced by others), the deposited con-
sensus sequences were used. Because of the highly repetitive
nature of the E. coli O157:H7 genomes, the SNP data set was
curated manually for false positives, and positions within repeats
and laterally transferred regions were excluded from further
phylogenetic analysis. Repetitive regions, such as phages and
mobile genetic elements, and their respective integration loci,
were identified using a combination of entries into the Phage
Sequence databank (http://phage.sdsu.edu/~rob/cgi-bin/phage.
cgi databank) and the RepeatMasker (http://www.repeatmasker.
org) and PhageFinder (14) software packages. When a compre-
hensive all-versus-all BLASTN (15) search among the reference
and query genomes of the sequence (40 nt) resulted in multiple,
ambiguous, and paralogous hits in some genomes, these regions
were excluded from further phylogenetic analyses. Alignment
quality was validated further by generating ClustalX multi-
sequence alignments using 600 nt surrounding the SNP. By
mapping the position of the SNP to the annotation in the refer-
ence E. coli strain EC4115 genome, it was possible to determine
the effect on the deduced polypeptide and to classify each SNP as
intragenic (synonymous, nonsynonymous) or intergenic.

Multilocus Variable Number Tandem Repeat Analysis. Seven assays
were used based on the Multiplex PCR assays described in ref. 16.
Primers were obtained from Integrated Data Technologies, Inc.
The primer sets were divided into three separate multiplex PCR
reactions: TR1, TRS, and TR6; TR3, TR4, and TR7; and TR2.
The PCR consisted of 3 pL 10x Buffer (Qiagen), 2 pL MgCl,
(Qiagen), 2 pL of 2.5 mM dNTPs (GE Life Sciences) and 1 pL.
each primer, 0.5 pL HotStart Taq (Qiagen) in a 30-pL reaction
with 1 pL. of DNA template. Amplification was performed in
a PTC-200 thermal cycler (MJ Research) under the following
conditions: initial denaturation at 94 °C for 4 min; 94 °C for 45 s,
53-58 °C for 45 s, and 72 °C for 1 min (32 cycles); and final
incubation at 72 °C for 5 min. Visualization of the products was
conducted using the Agilent Bioanalyzer 2100 and agarose gel.
The multilocus variable-number tandem repeat analysis codes
for the seven tested loci are presented in Dataset S1.

Phylogenetic Analysis. The primary analysis was performed using the
complete data of intra- and intergenic SNPs among the studied
0O157:H7 strains. The concatenated SNP data were analyzed by the
HKY93 method (17) with 500 bootstrap replicates, and the results
were used to generate a phylogenetic tree according to the PhyLM
algorithms (18) using the Geneious software package (http://www.
geneious.com) and SplitsTree4 (19). The genomes of seven addi-
tional strains associated with the SP outbreak [EC4084, EC4127,
EC4191, EC4205, EC4192, and EC4009 (sequenced for this
study)] and strains TW14359, as well as the genomes of two bovine
strains FRIK2000 and FRIK966 (2), and the FDA reference strain
EC536 were genotyped using the identified E. coli O157:H7 line-
age SNP backbone comprising 1,225 positions.

Sl Results and Discussion

Genotypic SNP Profiling. This panel contains a collection of 208 SP-
outbreak strains comprising 191 clinical strains and 17 SP strains
collected in August and September, 2006. Nine bovine strains
from California farms and six TB strains (Dataset S3). collected
within the same timeframe rounded out the test panel. Although
the majority of SP strains (197/208) carry the typical outbreak
(EC4205) SNP pattern of group A strains, 12 strains derived
from various states showed different SNP patterns (Dataset S3).
With one exception, within a state, when we observed an atypical
SP strain at least one other strain exhibited the typical pattern.
We note the important exception: In Maine the three clinical
strains (EC4114, EC4115, and EC4116) showed an identical but
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atypical SNP pattern compared with the dominant SP genotype.
SNP-based genotyping supported the clustering of group A bo-
vine strain from California into two distinct subtypes, in accor-
dance with the established genotypes of the bovine type-strains
EC4206 (4/11) and EC4196 (7/11) (Fig. 2). In three instances we
noted that tested strains acquired mutations under laboratory-cul-
tivation conditions when the DNA preparation used for sequenc-
ing was compared with the original DNA of the single-colony
isolate. This finding is of major interest for forensic outbreak inves-
tigations. These fine genetic polymorphisms comprise two point
mutations and a small inversion of 1.9 kbp.

Insertion Sequence Elements as Drivers of Prophage Microevolution.
A copy of insertion sequence (IS) element 1S629 (ECH74115_2932,
ECH74115_2933) disrupts key replication genes in the Shiga-like
toxin ¢ (stx2c)-converting prophages of the lineage I/II strains de-
rived from the SP and TB outbreaks (Fig. 3), whereas in silico
analysis showed that 1S629 is absent in the phylogenetically more
distant lineage I/II strain EC508 and in stxc2 prophages from other
sources (Fig. 3). 1S629 (EC74115_3515, ECH74115_3516) also
disrupts genes (EC4115_3414, ECH74115_3417) within the sbcB,
occupying Stx2-prophage of lineage I/II strains, including EC508
(sbcB, ECH7EC508_0841), whereas in Stx2-positive lineage 1
strains this phage is found integrated at the wrbA locus and does not
carry 1S629 (Fig. 1 C and D and Fig. S24). The IS629 insertion
found within the potentially stx/-converting phage at the yesl locus
(ECH74115_3231, ECH74115_3232) (Fig. S2B) is absent in the
reference lineage I/II strain EC508 and in more distantly related
lineage I outbreak strains and bovine lineage II strain EC869. More
importantly, IS element profiles are in agreement with the SNP-
derived phylogenetic placement of the strains and provide valuable
genomic signatures for investigating the state of phage evolution in
the E. coli O157:H7 lineage (Fig. 2 and Table S2).

Mutation in the N-Acetyl-p-Galactosamine/p-Galactosamine Phospho-
transferase Transport System. SNP discovery revealed a single
nonsynonymous nucleotide polymorphism in the agaF gene in
strain EC4115 at position 4,124,954 (G:C to A:T) that distin-
guishes all analyzed SP and TB outbreak strains (Dataset S2).
AgaF is part of an N-acetyl-D-galactosamine/D-galactosamine
(Aga/Gam) phosphotransferase transport system (PTS), and thus
these Aga-negative strains cannot use Aga as a primary carbon or
nitrogen source (20). The base substitution in agaF, which enc-
odes EITA*#¥9%™  changes a conserved glycine residue to serine
(Gly91Ser), which has been demonstrated previously to underlie
the Aga-negative phenotype in these strains (20).

Polymorphism in the Stx1 Prophage. Comprehensive analyses re-
veal an overall syntenic organization in key structural and en-
zymatic phage components, with the notable exception of several
polymorphic regions (shaded in red in Fig. S2B) that most likely
are the result of recombinatorial events caused by the homolo-
gous nature of the lambdoid phages. These regions code struc-
tural phage components (EDL933: Z3323-73331; TW14359:
ECSP_2949/ECSP_2950; EC4115: ECH74115_3134); a methyl-
transferase; hypothetical proteins with no assigned function
(Z3345-73353, ECSP_2964-ECSP_2971, ECH74115_3220-3227);
an antiterminator, superinfection exclusion protein, and an ssDNA-
binding protein (Z3361-Z3363); and a superoxide dismutase
(Z3312) unique to EDIL933. Comprehensive analyses revealed
three polymorphic regions and identified IS629 element insertions
as microevolutionary drivers. Both SP outbreak-associated phage
types carry fragmented repP phage replication pseudogenes, re-
sulting from IS629 element disruption, which may impair replica-
tion and immobilize these phages in the strains associated with SP
outbreak. The smaller variant shows a disrupted phage portal
protein (TW14359, ECSP_2949/ECSP_2950) compared with
strain EC4115 (ECH74115_3134). The latter carries an addi-
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tional joint phage-related 45,632-bp fragment at the tRNA Met
locus integrated within the borders of the SP15-PPV phage (intV,
ECSP_2997, ECH74115_3251) mediated by the integrase intO
(ECH74115_3178). This insert appears to have arisen from a
duplication event unique to Maine (ME) strain EC4115. The
region is a complex composite and is organized syntenically to two
joined loci of the SP9 prophage. Comprehensive analyses
of corresponding phage loci in strains TW14359 and EC4115
reveal a single polymorphic region among the SP9 prophages
(marked in red, Fig. S2B), tail fiber protein ECSP_1769 in
TW14359 with numerous homologous genes in the lambdoid
phages in strain EC4115 (ECH74115_2758, ECH74115_3188,
ECH74115_2165, ECH74115_1203). ECH74115_1881 is a frag-
mented pseudogene with no assigned function. The adjacent
tRNA loci may have facilitated double homologous recombi-
nation and rearrangements of these joined prophage fragments.

Non-Shiga Toxin-Carrying Phage Markers and Genomic Islands in
E. coli 0157:H7. P2-type prophage at the yegH gene locus. A P2-type
prophage (31,943 bp) is integrated at the yegH gene locus in strain
EC4115 and is flanked by 18-bp perfect direct repeats (Table
S2). This phage is syntenic to Enterobacteria phage PP2 (33,593
bp, NC_001895) (Fig. S3B), and its integrase is homologous to
P2 integrases, such as those of enterotoxigenic E. coli (ETEC)
O148:H28 strain B7A (ZP_03029820) and avian pathogenic
E. coli (APEC) O1:K1:H7 (21). Two polymorphic phage regions
were identified in structural head and tail components as well as
in a cluster of hypothetical proteins with no assigned function.
SP13 prophage length polymorphism. Three lineage I/II strains, the SP
outbreak strain EC4076 and TB strains EC4401 and EC4486, show
a unique deletion of the Sp13 prophage (21,118 bp) (Fig. S3C).
The triplet tRNA Leu-Cys-Gly serves as a phage-integration site
in Sp13-carrying strains, and phage integration is marked by a
121-bp perfect direct repeat; in strain EC4076 this sequence has
been reduced to a single 121-bp sequence (Table S2).

Prophage remnant in lineage I/ll strain EC4115. The lineage I/II strain
EC4115 carries a prophage remnant (9,247 bp) that is inte-
grated into the tRNA dihydrouridine synthase A gene (dusA)
(ECH74115_5551) resulting in 104-bp imperfect direct repeats
left and right (IDRL/R). This prophage codes for 21 genes
(ECH74115_5529-ECH74115_5550) (Fig. S3D and Table S2).
The integrase (ECH74115_5550) is highly similar to that of E.
coli strain 101-1, an atypical enteroaggregative E. coli (EAEC)
strain that was responsible for a large outbreak in Japan in the
late 1990s (EC1011_3392). This strain contains few classic
EAEC virulence factors, as determined by DNA hybridization;
however, the nature of this strain suggests increased virulence
over other EAEC strains. This prophage integration not only
provides novel genetic material in strain EC4115 but also drives
the microevolution of DusA, when comparing strains EDIL.933
and EC4115. The repeat sequence shares 84% identity with the
EDL933 dusA (Z5647). The 104-bp IDRL sequence of the N-
terminal duplicated dusA4 pseudogene (ECH74115_5529) is 100%
identical to the dusA regions in EDL933 (ECH74115_5551); how-
ever the IDRR sequences (now the N-terminal region of the dusA
gene in strain E4115) shares only 84% nucleotide identity. The
observed phage-introduced polymorphisms result in DusA protein
identities of 97%.

Prophage remnant in lineage I/l strain EC508. A P4-like prophage
(14,596 bp) is integrated at the dinD locus (ECH7EC508_1640)
of the human isolated lineage I/II strain EC508, resulting in 10-
bp perfect direct repeats (Table S2). This phage codes for 24
genes (ECH7EC508_1615-ECH7EC508_1636) (Fig. S3E). In
silico analysis shows that this phage scar also is present in the
lineage I-derived TJ strains TW14588 (14,834 bp) and EC4501
(14,832 bp) and shows a length polymorphism of 3,769 bp.
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Genomic Islands and Islets. Lineage I/1II strains, except for strains
EC508 and EC536 (Fig. S3F), feature a 15,147-bp deletion relative
to lineage I strains. This genomic region neighboring the murein
transglycosylase E (EC74115_1680) is flanked by 22-bp imperfect
direct repeats, leaving a hybrid of the duplicated 22-bp sequence,
ATTCTtgCgccgctgAgCGCCC, at the deletion site (Table S2).
The insertion is mediated by a copy of IS element 1S629
(ECH74115_1957/1958) and introduces 13 genes. Noteworthy are
a PTS-dependent system treAdhkMLKR, an iron(III) ABC trans-
porter, and five additional hypothetical proteins of unknown
function. This island may prove beneficial, countering iron limi-
tations within the mammalian host and potentially increasing
bacterial fitness. We noted also a length polymorphism in the
lineage I/II island carrying strain EC508 compared with lineage I
strains. EC508 carries an additional 3,155-bp fragment, which is an
integral part of the adversely orientated regulator DhrR (EC1706
and ECH7EC508_3647), and the putative outer membrane auto-
transporter EngD (EC1707 and ECH7EC508_3648); the most
likely secondary loss results in truncated protein products in line-
age I strains (DhrR, 961 vs. 547 aa; EngD, 363 vs. 158 aa). Lineage
II strains EC869, FRIK2000, and FRIK966 contain yet another
genomic variation (ECH7EC869 0175, ECH7ECS869_0178)
that is likely derived from the lineage I island but appears to be
in the process of decay and codes parts of the PTS-dependent
dihydroxyacetone kinase operon DhrKH (ECH7ECS869_0174,
ECH7EC869_0175). This truncated 4,318-bp islet features two
imperfect direct repeats, (ATTCTTGCCATCTAAGAATATC-
GCC, ATTCTACCGCCGCTGAGCGCCC). Lineage I/II strains
contain a small 1,667-bp insertion (Fig. S3G) that also is present
in strains EC508 and EC536. This region codes a cluster of Rhs-
core proteins disrupted by a transposase. These ankyrin-repeat
sequences are known virulence factors and have been implicated
in mediating phage susceptibility (23, 24). In silico comparison of
completed and draft genomes indicates that the tested lineage I
and lineage II strains lack these lineage I/II-specific signatures
(Fig. S3G).

Evidence for E. coli 0157:H7 Microevolution Under Laboratory
Conditions. In three instances we noted that tested strains ac-
quired point mutations under laboratory cultivation conditions.
That is, when the DNAs of single-colony strains chosen for se-
quencing were analyzed by pyrosequencing, the SNPs at positions
3,691,927 and 4,479,378 in strains EC4042 and EC4076, re-
spectively, were readily verified (Dataset S2). However, when
DNAs were prepared from original freezer stocks of these strains
and tested with pyrosequencing, the SNPs could not be con-
firmed. For all other verified SNPs, DNA from the original
glycerol stock was tested along with the single-colony isolated
DNA, and no other polymorphisms were found. The third ex-
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ample of culture-induced polymorphism affects the genomic
structure and is discussed below.

Inversion Affects Structural Enterobacteria Phage Components. In
silico comparison of the completed lineage I/II genomes EC4115
and TW14359 revealed yet another polymorphic state mediated by
15-bp inverted direct repeats (IDR), a#zR/L. We found an inverted
1,9-kb region within the borders of Enterobacteria phage P2 har-
bored in these strains (Fig. 1 C and D and Fig. S4). Similar
mechanistic structures mediate phase variation in enteric bacteria.
In this particular case, however, the inversion results in two chi-
merical fusion proteins (ECH74115_3032 and ECH74115_3035)
in strains EC4115 and TW14359 (Fig. S4). The observed alteration
of the encoded surface-exposed structural proteins may interfere
with host—pathogen interaction and immunity and thus impact
pathogenic potential. Of note, in strains EDL933 and Sakai these
signature IDRs are found in another genomic context within
prophage H (Fig. S4). Genomic structures were validated with
inversion-specific primer pairs (Table S1). Interestingly, the orig-
inal glycerol stock of EC4115 showed no alteration in genomic
structure in this region compared with SP outbreak strains EC4042
and the two other ME strains, EC4114 and EC4116. However,
when the DNA preparation of the EC4115 single-colony isolate
that served as template for genomic sequencing was used, the in-
version could be confirmed readily by PCR (see Table S1 for
primer sequences). Our findings provide examples of the types of
fine genetic polymorphisms that can occur during routine labora-
tory cultivation and single-colony isolation.

Altered Sucrose Phenotype in E. coli 0157:H7. Previous work showed
that, unlike E. coli K12 strains, the majority of E. coli O157:H7
strains analyzed from the FDA culture collection mentioned above
displayed a D-serine-negative/D-sucrose—positive phenotype (22)
resulting from a sucrose utilization regulon integrated into the D-
serine operon, dsdCXA. Targeted pyrosequencing analyses con-
firmed that all three SP outbreak strains collected from Maine
(EC4114, ECA4115, and EC4116) harbor the same point mutation,
resulting in a truncated pseudogene product of 373 aa (from 415
aa), and support the Biolog-observed ME strain-specific D-su-
crose-negative phenotype amino acids. We detected another
nonsynonymous SNP unique to the three ME strains that affects a
putative sucrose-specific PTS system, the N-acetylmuramic acid—
specific EIIBC component (ECH74115_3659) at position 457. We
note here that the SNP panel contains numerous polymorphisms
that potentially alter physiological and metabolic capabilities in
E. coli O157:H7. The SNP backbone described herein for the E.
coli O157:H7 lineage provides the basis for further experimental
validation.
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hypothetical genes with no assigned function (gray) and conserved hypothetical gens (light blue) (4). Conjugal transfer genes (magenta) (5). Membrane protein
(blue), metalloproteinase (brown), and plasmid partition protein (red) (6). The DNA modification enzymes topoisomerase Il (orange), relaxase (gold), and
resolvase (yellow) are shown in circle 7. ¥? is shown in circle 8.
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insertion of 45,449 bp, cpO’, at the right border of the cpO prophage (58,298 bp) at the ompW locus. The complex cpOO’ phage structure features 118-bp
imperfect direct repeats (Table S2) at their respective integration sides. This complex tandem phage structure of ¢pO and cpO’ contributes to the unique
structure of the Stx1-negatiave prophage in EC4115, which is a distinguishing feature of the SP outbreak ME strains. (B) P2-type Enterobacteria phage. The
31,943-bp APEC-like prophage is unique to the SP outbreak-associated strains. This phage is integrated at the yegQ locus and resembles a P2-type prophage
flanked by 18-bp perfect direct repeats (Table S2). The phage is organized highly syntenically and shares high protein homology with the 33,593-bp Enter-
obacteria phage P2 (NC_001895). Comprehensive analyses revealed two polymorphic regions (shaded in red) that code for structural head and tail components
and a cluster of hypothetical proteins with no assigned function. The integrase is highly homologous to the Enterobacteria phage P2, the E. coli ETEC isolate
0148:H28 strain B7A (ZP_03029820), and E. coli APEC O1:K1:H7 (1). (C) SP13 prophage deletion. The 21,118-bp prophage Sp13-PP is deleted in isolate EC4076.
The triplet tRNA cluster tRNA Leu-Cys-Gly locus serves as the phage integration site. Integration is mediated by a phage integrase causing a 121-bp perfect
direct repeat (green arrows) in typical outbreak strains, but this sequence has been reduced to a single 121-bp repeat in EC4076. (D) Phage scar 9.2, a 9,247-bp
phage remnant, is integrated into the tRNA dihydrouridine synthase A gene (dusA) (ECH74115_5551) and codes 21 genes. Insertion resulted in a 104-bp
imperfect direct repeat (IDRL and IDRR) (Table S2). This repeat sequence shares 84% identity with EDL933 dusA (Z5647). Of note, this 104-bp IDRL sequence of
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Table S1. PCR primers used in this study

Name Sequence Minimum Maximum Length (bp) Direction Product size (bp) Molecule
1_FP GGCGCCTGTGGTTGTCAGAGG 397 417 21 Forward 474 pEC4115
1_RP AGCGCCGCCTCTTTGGCTTT 851 870 20 Reverse 474 pEC4115
2_FP AACGGCCTGAATCGGCCTGC 5,383 54,02 20 Forward 1,759 pEC4115
2_RP TCTTCCGCAAGCTGCCACGG 7,122 71,41 20 Reverse 17,59 pEC4115
3_FP TGGCGCGTTCAGTTGCCGAT 17,353 17,372 20 Forward 697 pEC4115
3_RP TTGCGCTCGTCGGTGCTGAG 18,030 18,049 20 Reverse 697 pEC4115
4_FP AGCGTCAGAACTGCGCCGAC 24,583 24,602 20 Forward 824 pPEC4115
4 RP GCCGCAAATTGCCAGGCCAC 25,387 25,406 20 Reverse 824 pEC4115
5_FP GCAAAGCGTCACACGCGCAA 35,120 35,139 20 Forward 329 pEC4115
5_RP GCAGGATTTGCCGGGAGCGT 35,429 35,448 20 Reverse 329 pEC4115
Inv_FP GACGCGGTGACGGCAACAGA 1,599 1,618 20 Forward 2,260 Chromosome
Inv_RP CCGCAAGAGCCTGTGCGGAA 3,839 3,858 20 Reverse 2,260 Chromosome
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Dataset S1. Strain history and associated metadata

Dataset S1

Dataset S2. SNP discovery in the E. coli 0157:H7 lineage
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Dataset S2
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This dataset lists 1,225 intra- and intergenic identified SNPs for the E. coli 0157:H7 lineage. Functional annotation of intragenic SNPs and resulting transition
or transversion for each SNP are listed. SNP positions are referenced to the respective location on the strain EC4115 chromosome. Nucleotide bases colored in
blue (reference) and red were validated in the respective strains using pyrosequencing assays. B, bovine; gt, genotyped; RSC, reference strain collection; SO,
spinach outbreak; TB, Taco Bell outbreak; TJ, Taco John outbreak.

Dataset S3. Pyrosequencing assay. Population genetic analyses of 229 strains using 19 canonical SNPs

Dataset S3
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