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Shiga toxin-producing Escherichia coli (STEC) strains are important food-borne pathogens capable of causing hemolytic-uremic
syndrome. STEC O157:H7 strains cause the majority of severe disease in the United States; however, there is a growing concern
for the amount and severity of illness attributable to non-O157 STEC. Recently, the Food Safety and Inspection Service (FSIS)
published the intent to regulate the presence of STEC belonging to serogroups 026, 045, 0103, 0111, 0121, and 0145 in nonin-
tact beef products. To ensure the effective control of these bacteria, sensitive and specific tests for their detection will be needed.
In this study, we identified single nucleotide polymorphisms (SNPs) in the O-antigen gene cluster that could be used to detect
STEC strains of the above-described serogroups. Using comparative DNA sequence analysis, we identified 22 potentially infor-
mative SNPs among 164 STEC and non-STEC strains of the above-described serogroups and designed matrix-assisted laser de-
sorption ionization—time of flight mass spectrometry (MALDI-TOF) assays to test the STEC allele frequencies in an independent
panel of bacterial strains. We found at least one SNP that was specific to each serogroup and also differentiated between STEC
and non-STEC strains. Differences in the DNA sequence of the O-antigen gene cluster corresponded well with differences in the
virulence gene profiles and provided evidence of different lineages for STEC and non-STEC strains. The SNPs discovered in this

study can be used to develop tests that will not only accurately identify 026, 045, 0103, 0111, O121, and 0145 strains but also
predict whether strains detected in the above-described serogroups contain Shiga toxin-encoding genes.

Escherichia coli is a diverse bacterial species whose members
include beneficial commensals and overt pathogens capable of
causing intestinal, as well as extraintestinal, disease (39—42). E. coli
strains that cause intestinal disease can be grouped into several
different categories based on pathogenic features, including enter-
opathogenic (EPEC), enteroaggregative (EAEC), enteroinvasive
(EIEC), enterotoxigenic (ETEC), and Shiga toxin-producing
(STEC) E. coli (46). Enterohemorrhagic E. coli (EHEC) strains
comprise a subgroup within the STEC that cause hemorrhagic
colitis and severe disease in humans (35, 38). EHEC strains are
thought to have evolved from an EPEC progenitor and to have
acquired Shiga toxins through phage insertions (54). Shiga toxins
(encoded by stx; and stx,) are among the virulence factors associ-
ated with severe disease and illness (6, 11, 58). EPEC strains do not
contain Shiga toxin-encoding genes; however, they do contain
other genes that are responsible for attachment to the epithelium
and also genes that may be associated with particular clinical man-
ifestations (1). EPEC strains can be divided into typical and atyp-
ical based on the presence or absence of bundle-forming pili
(bfpA) (61). Atypical EPEC (aEPEC) strains lack the bfpA gene, are
typically found in developed countries, and have been linked to
diarrhea in several studies (2,45, 47). Other examples of genes that
have been linked to virulence or adhesion include eae, a gene that
encodes intimin, an outer membrane protein that facilitates at-
tachment to the epithelium (48); efal (lifA), a gene that encodes
the protein lymphostatin, which has adhesive properties and is
associated with diarrhea in atypical EPEC strains (3, 45); nleB, the
non-locus of enterocyte effacement-borne effector B gene, which
is associated with diarrhea in atypical EPEC strains (45); and ehxA,
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agene located on a plasmid commonly found in EHEC strains and
which encodes a hemolysin referred to as enterohemolysin (52).
E. coli O157:H7 strains are strongly linked to human illness in
the United States and in other countries and are responsible for
the majority of outbreaks in the United States (51, 57, 60). How-
ever, non-Q157:H7 strains have also been linked to outbreaks (14,
44,53) and illness (41) in the United States, and in some countries,
non-O157:H7 strains are more commonly linked to illness (5, 9,
34). Cattle have been identified as reservoirs for STEC, and con-
sequently, raw milk and undercooked ground beef have been im-
plicated as sources of human infection (20, 55, 56). The Food
Safety and Inspection Service (FSIS) recently announced that in
2012, STEC serogroups 026, 045, 0103, O111, O121, and O145
would be declared adulterants in nonintact raw beef and manda-
tory testing for these serogroups will be implemented (27a). The
association between STEC serogroups found in cattle and those
causing human illness is complex, because only a small number of
the STEC serogroups found in cattle have been associated with
human disease (4, 10, 12). In addition, many strains of E. coli in
cattle have the same O antigens as the STEC strains targeted for
regulation but lack the genes encoding Shiga toxins and other
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FIG 1 Schematic representation of the O-antigen gene clusters from E. coli serotypes 026, 045, 0103, 0111, 0121, and O145. GenBank accession numbers are
indicated on the left followed by the E. coli serotype in parentheses. Base pair length is located above the gene clusters.

virulence factors and have not been associated with disease in
humans. Tests are needed that will not only identify the targeted
STEC serogroups but also differentiate between strains of these
serogroups that contain STEC-associated virulence factors and
those that do not.

A study conducted by the Centers for Disease Control and
Prevention (CDC) found that there were 940 lab-confirmed cases
of non-0157 STEC human infection in the United States from
1983 to 2002 (15). The majority of the strains (71%) belonged to
one of six major serogroups, including 0111, 026, 0103, 0145,
045, and O121. Current research is focusing on these six sero-
groups to better understand their epidemiology in humans and
cattle (12), develop accurate testing procedures (30), and establish
intervention strategies to prevent contamination of ground beef
(4). Studies to learn about the epidemiology of these six sero-
groups in humans are challenging because clinical laboratories are
increasingly using strategies to diagnose STEC infections that do
not yield an isolate for further characterization. There is also a
poor understanding of the prevalence of non-O157 STEC in cattle
and nonintact raw beef. Conducting studies to obtain prevalence
estimates for non-O157 STEC in cattle and nonintact raw beef are
complex because of a lack of standardized isolation and culturing
methods. A primary step in studying and understanding the po-
tential impact of non-0O157 STEC strains in cattle and nonintact
raw beef will be to develop accurate tests to identify specific O
serogroups that are affordable, easy to implement in a variety of
lab settings, easy to duplicate both within and between labs, and
comparable across study populations.

One of the potential targets for identifying specific E. coli O
serogroups is the O-antigen gene cluster. The O antigen is part of
the lipopolysaccharide present on the outer membrane of E. coli
and other Gram-negative bacteria. E. coli has over 181 O sero-
groups based on the structural variability of the O antigen (25).
The variability is the result of differences in sugar composition and
the sequences and linkages of these sugars (65). The O-antigen
gene cluster consists of genes that are well conserved between O
serogroups and also genes that differ across serogroups. These
O-serogroup-specific genes are responsible for the synthesis and
assembly of the O antigen (62, 63).

The objective of this study was to identify single nucleotide
polymorphisms (SNPs) within the O-antigen gene cluster of non-
0157 E. coli serogroups 026, 045, 0103, O111, O121, and O145.
Reported here are newly described nucleotide polymorphisms in
the O-antigen gene cluster of these O serogroups that can differ-
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entiate between STEC and non-STEC strains within a serogroup.
Differences in the genetic sequence of the O-antigen gene cluster
corresponded well with differences in the virulence gene profiles
and provide evidence of separate clustering for the majority of
STEC and non-STEC strains. The SNPs discovered in this study
can be used to develop tests that will specifically identify STEC
strains within serogroups 026, 045, 0103, O111, O121, and
O145.

MATERIALS AND METHODS

Strain collection. A set of 164 non-O157 strains isolated from various
sources and geographic areas were used for SNP discovery (see Table S1 in
the supplemental material). These included 64 026,47 O111, 23 0103, 6
0145, 12 045, and 12 0121 strains. The strains originated from a variety
of sources, including humans, cattle, sheep, goats, swine, turkey, chickens,
dogs, whitetail deer, flies, and ecological surfaces, and from the following
states in the United States: California, Colorado, Delaware, Florida, Iowa,
Idaho, Indiana, Kansas, Louisiana, Nebraska, New Hampshire, New Jer-
sey, Oklahoma, South Dakota, Tennessee, Texas, Utah, Wisconsin, and
Washington. There were also strains from Switzerland, Germany, Austra-
lia, England, Kenya, Peru, Italy, Brazil, Uruguay, Denmark, Canada,
Cuba, and Japan.

DNA isolation. A single representative colony from each strain was
inoculated into 10 ml of Luria broth and incubated overnight at 37°C on
a shaker. Genomic DNA was extracted using the Qiagen Genomic-tip
100/G columns (Valencia, CA) and techniques previously described (21).
The DNA concentration was determined with a spectrophotometer
(NanoDrop Technologies, Wilmington, DE) and diluted with Tris-EDTA
(for 50 ml TE: 500 wl 1 M Tris [pH 8], 10 pl 0.5 M EDTA, and 49.5 ml
molecular-grade water) to a 5-ng/pl working solution.

PCR, DNA sequencing, and analysis. Identification of SNPs was ac-
complished by PCR of short fragments of DNA followed by Sanger se-
quencing. The O-antigen gene cluster (Fig. 1) was amplified for all of the
strains using six to nine different PCR primer pairs that collectively tar-
geted the entire length of the gene cluster (see Table S2 in the supplemen-
tal material). Each of the PCR fragments was, on average, 1,500 to 2,000 bp
in length, and fragments overlapped by approximately 500 bp. Amplifi-
cation reaction mixtures contained 3.2 pl deoxynucleoside triphosphates
(dNTPs) (1.25 mM; Promega, Madison, WI), 2 .l 10X buffer (HotStar-
Taq DNA polymerase kit; Qiagen), 0.1 pul HotStarTaq DNA polymerase (5
U/ul; Qiagen), 0.2 pl each primer (30 pM), and 1 pl template DNA (5
ng/pl) in a 20-pl reaction volume. Amplifications were performed with
an S1000 or Peltier Dyad Bio-Rad thermocycler (Hercules, CA) under the
following conditions: an initial denaturation step at 95°C for 15 min,
followed by 30 s at 94°C, 30 s at 52°C, and 2 min at 72°C for 35 cycles and
a final extension step at 72°C for 10 min. Amplification was verified by
running PCR products on a 1% agarose gel containing ethidium bromide.
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DNA exonuclease digestions for Sanger sequencing were set up using
amodified 2.0 BigDye protocol (Applied Biosystems, Carlsbad, CA) (59).
For the initial reaction, 5.5 .l of the PCR product and 7 pl exonuclease I
(Exol) (0.1 U/pl) were added to each well. Reactions were run on a Peltier
Dyad Bio-Rad thermocycler under the following conditions: hold at 37°C
for 1 h, followed by 20 min at 65°C. Following the digestion in the ther-
mocycler, 23 pl 100% ethyl alcohol (EtOH) was added to each well and
centrifuged at 3,200 rpm for 30 min at room temperature. The plate was
inverted and centrifuged briefly at 500 rpm and allowed to dry at room
temperature for at least 30 min. The sequencing reaction mixture con-
tained 0.25 pl BigDye, 1.75 pl 5X buffer, and 0.11 pl primer (30 uM), for
a final volume of 5 pl per well. Reactions were run on a Peltier Dyad
Bio-Rad thermocycler under the following conditions: for 25 cycles, 30 s
at 96°C, 2.5-s ramp to 96°C, 10 s at 96°C, 2.5-s ramp to 50°C, 5 s at 50°C,
2.5-s ramp to 60°C, and 4 min at 60°C. The sequencing reaction DNA
contents were precipitated and washed with the following: addition of 22
wl 70% isopropanol, centrifugation for 30 min at 3,200 rpm, a brief cen-
trifugation of the inverted plate at 500 rpm, addition of 22 pl 70% EtOH,
centrifugation for 30 min at 3,200 rpm, another brief centrifugation of the
inverted plate at 500 rpm, and a minimum air dry of at least 10 min. The
plates were stored at —20°C prior to sequencing. DNA sequences were
determined using a 3730x] DNA analyzer (Applied Biosystems).

DNA sequences were analyzed and contigs were assembled using Ge-
neious Pro version 5.3.6 (Biomatters Ltd., Auckland, New Zealand). As-
sembled contigs of the O-antigen gene clusters (Fig. 1) were aligned and
compared to reference sequences and each other using the Clustal align-
ment feature in Geneious and unweighted-pair group method with arith-
metic mean (UPGMA) trees generated from the results. Bootstrap values
were calculated for the branches using 1,000 pseudoalignments. The
strains were grouped into clusters on the dendrogram; however, clusters
do not have a statistical significance and were grouped merely for the
convenience of presenting the results and discussion.

PCR of virulence genes. PCR detection of the stx,, stx,, eae, and ehxA
genes was performed with a multiplex PCR assay (52). Amplification of
the bfpA, efal (lifA), and nleB genes was accomplished using previously
described primers and protocols (45, 61). The Clermont typing procedure
was used to divide the strains into phylogroups (22). The Clermont pro-
cedure is a multiplex PCR for amplification of the chuA and yjaA genes
and the TspE4C2.2 fragment. Strains containing chuA and yjaA are clas-
sified as B2, strains containing TspE4C2.2 are classified as B1, strains con-
taining chuA are classified as D, and strains that do not contain any of the
three targets are classified as A. Amplification of the espK gene was per-
formed on several O26 strains to determine if these strains were EHEC
derivatives. Amplification was performed using two previously published
primer sets, one set targeting the 3’ end and another set targeting the 5’
end, to ensure that strains with a truncated gene were detected (13).

STEC allele frequency of SNPs. Polymorphisms were genotyped by
matrix-assisted laser desorption ionization—time of flight (MALDI-TOF)
genotyping (Sequenom, Inc., San Diego, CA). MALDI-TOF assay and
multiplexing design was conducted with MassARRAY assay design soft-
ware as recommended by the manufacturer (Sequenom, Inc.) (see Table
S2 in the supplemental material). Up to 36 polymorphisms were accepted
for each multiplex, and the assays were conducted with iPLEX Gold chem-
istry on a MassARRAY genotyping system per instructions of the manu-
facturer (Sequenom, Inc.). “High confidence” genotype calls by the Geno-
typer software were accepted as correct. “Aggressive” calls were inspected
manually and verified as needed by Sanger sequencing or replicate
MALDI-TOF assays. The frequency of the STEC alleles for the SNPs was
determined for a panel of bacterial strains that were independent from the
sequencing panel. This included 192 O157:H7, 4 O157:non-H7, 4 O55:
H7,2 055:H6, 106 026, 40 045, 109 0103, 127 O111, 33 0121, 34 0145,
and 22 other STEC strains; 175 O-antigen standards; 61 Salmonella
strains; and 37 other bacteria (see Table S1 in the supplemental material).
The strains originated from a variety of sources, including antelope, cattle,
dogs, poultry, flies, goats, guinea pigs, humans, sheep, and swine, and
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from several geographic areas, including the United States, Canada, Chile,
Denmark, England, France, Germany, Italy, Mexico, Panama, Scotland,
and Sri Lanka.

Statistical tests. Fisher’s exact test was used to examine unconditional
associations between the STEC-associated allele and O serogroup (P <
0.05) (STATA IC release 11.0). STEC-associated allele and O serogroup
were analyzed as binary variables. Sensitivity and specificity estimates
were calculated with exact 95% confidence intervals for each of the
MALDI-TOF assays. The sensitivity estimate determined the ability of the
assay to detect the STEC allele in an STEC strain, and the specificity de-
termined the ability of the assay to not detect the STEC allele in a non-
STEC strain. The calculations were based on a binary outcome of the
STEC or non-STEC-associated allele. All strains with the STEC-associated
allele were considered STEC, whereas non-STEC was any strain with the
alternate allele, an indecisive allele call, or no allele call. The results of the
assays were compared to three different known gene combinations: those
containing stx alone, stx with eae, and stx with eae and ehxA.

Nucleotide sequence accession numbers. Nucleotide sequences de-
termined in this study (see Table S1 in the supplemental material) have
been submitted to GenBank under accession numbers JN871613 to
JN871676 (026 strains), JN859197 to JN859208 (045 strains), JN859209
to JN859220 (0121 strains), JN862595 to JN862617 (O103 strains),
JN887644 to JN887690 (O111 strains), and JN850039 to JN850044 (0145
strains).

RESULTS

026. An 11,530-bp region of the O-antigen gene cluster from 64
026 strains was sequenced and aligned with a reference sequence
for E. coli O26:H11 (AY763106 [26]). A total of 174 polymor-
phisms were identified, of which 14.4% (25/174) were nonsyn-
onymous. The majority (86.2%; 150/174) of the polymorphisms
were found in only two strains (94_0003 and R32_14_1F [see
Table S3 in the supplemental material]). For the most part, the
polymorphisms from the two strains were in a 2-kb region of the
gene cluster that included rmiB, rmID, and the first 200 bp of rmlA.
The most similar sequence by BLASTN was to a region of an E. coli
035 O-antigen gene cluster at 97%, while the sequence identity to
026 was 93%. A UPGMA tree generated from the alignment illus-
trated that sequence differences in the O-antigen gene cluster dis-
played distinct lineage differences, with the majority of the 026
STEC and 026 non-STEC strains clustered separately (Fig. 2).
Clusters 1 and 2 contained non-STEC and EPEC strains, and clus-
ters 3 and 4 contained mostly STEC strains. A number of the 026
cluster 1 and 2 strains contained nleB and eae. Cluster 3 strains
contained stx,, eae, and ehxA, while cluster 4 strains contained
stxy, stx,, or stx; and stx, along with eae and ehxA. Interestingly,
two of the three non-STEC strains that fall into cluster 4 also
contained ehxA and eae.

Three nucleotide polymorphisms were identified that differen-
tiated 026 STEC strains from 026 non-STEC strains (Table 1).
The polymorphisms are described by the gene in which they oc-
cur, the base pair position within that gene, and the allele change
(non-STEC allele — STEC allele). The three polymorphisms were
rmlA 30 G—T, wzx 953 T—G, and funll 88 G—A, with the last two
polymorphisms resulting in amino acid coding changes. All three
polymorphisms were found in genes that are not specific to the
026 serogroup. The T and A STEC-associated alleles of polymor-
phisms rmlIA 30 G—T and fnll 88 G—A were found in the same
strains and captured the majority of the 026 STEC strains; how-
ever, wzx 953 T—G was included to capture a small subset of
strains that contained only stx,. A combination of either rmlA 30
G—T or fnll 88 G—A with wzx 953 T—G captured all of the 026
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TABLE 1 Gene and amino acid data for the single nucleotide polymorphisms identified in the O-antigen gene clusters of non-O157 Escherichia coli

Serogroup Gene bp position Polymorphism* AA? position AA change Association (P value)®
026" rmlA 30 G—T 10 Synonymous <0.001
wzx 953 T—G 318 Phe—Leu <0.001
fnll 88 G—A 30 Ala—Thr <0.001
045°¢ rmiB 966 T—C 303 Synonymous <0.001
wbhQ 721 C—A 241 Leu—lle <0.001
wbhU 241 G—A 80 Val—lle <0.001
wzy 752 T—C 251 Val—Ala <0.001
wzy 906 T—C 302 Synonymous <0.001
wbhW 21 C—>T 7 Synonymous <0.001
wbhW 997 T—G 333 Stop codon—Glu <0.001
Intergenic 13299 C—A NA* NA <0.001
Intergenic 13340 A deletion NA NA NA
Intergenic 13534 A—C NA NA <0.001
0103¢ wbtD 937 C—>T 313 His—Tyr <0.001
o111" Intergenic 492/ G—T NA NA <0.001
whbdH 1006 G—A 336 Val—lle <0.001
wbdK 687 C—>T 229 Synonymous <0.001
wzx 1128 A—>T 376 Synonymous <0.001
o121 vioA 313 C-—>T 105 Pro—Ser <0.001
wbqE 437 C—>T 146 Ala—Val <0.001
whbql 582 G—A 194 Synonymous <0.001
0145 wzy 37 A—C 13 Tle—Leu <0.001

“Non-STEC—STEC.
b AA, amino acid.

¢ Fisher’s exact test P value testing the association between the STEC-associated allele and O serogoup.

4 GenBank AY763106 used as a reference.

¢ GenBank AY771223 used as a reference.

/Deletion found in the two non-STEC that do not share the other 9 SNPs.
£ GenBank AY532664 used as a reference.

" GenBank AF078736 used as a reference.

' GenBank AY208937 used as a reference.

/ GenBank AY647260 used as a reference.

K NA, not applicable.

!'Position within O-antigen gene cluster.

strains in our sequencing panel that contained stx,, stx,, or both
stx; and stx,. There were three strains included with the rmlA 30
G—T and full 88 G—A STEC-associated alleles (highlighted in
red) and two strains included with the wzx 953 T—G STEC-asso-
ciated allele (highlighted in green) that did not contain stx (Fig. 2).
Strains R28_5_1B, 10C, and 95_0256 contained espK and are most
likely EHEC derivatives.

MALDI-TOF assays were used to determine the STEC allele
frequencies of the three 026 polymorphisms in a panel of 1,045
strains, including 93 026 STEC strains. The rmlA 30 T, wzx 953 G,
and full 88 A STEC-associated alleles were found to be signifi-
cantly associated (P < 0.001) with the O26 serogroup. The sensi-
tivity and specificity estimates were based on the use of either rmlA
30 G—T or full 88 G—A in conjunction with wzx 953 T—G for
the 026 strains. The sensitivity and specificity estimates were sim-
ilar regardless of whether stx alone, stx with eae, or stx with eae and
ehxA was included as the classifier (Table 2).

045. A 14,483-bp region of the O-antigen gene cluster from 12
045 strains was sequenced and aligned with a reference sequence
for E. coli O45:H2 (AY771223 [23]). A total of 20 polymorphisms
were identified, of which 5 were synonymous, 2 were deletions,
and 15 were found only in strain H61 (see Table S3 in the supple-
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mental material). A UPGMA tree generated from the alignment
illustrated that sequence differences in the O-antigen gene cluster
displayed lineage differences, with the majority of 045 STEC and
045 non-STEC strains clustered separately (Fig. 3). Cluster 1 con-
tained non-STEC strain H61, and cluster 2 contained non-STEC
strain 87.1085, which is diverging from the strains in cluster 3. The
045 cluster 1 and 2 strains did not contain any of the virulence
genes. The STEC strains were in clusters 3 and 4, and all the strains
in cluster 3, have identical genetic sequences. Interestingly, one
non-STEC strain (89.0609) also shared this sequence but had the
same virulence gene profile and Clermont typing classification as
non-STEC strain 87.1085 (cluster 2). The Clermont typing proce-
dure classified the cluster 1 strain as B1 and the cluster 2 strain as
B2. All of the STEC strains in cluster 3 contained eae, nleB, and
efal (lifA) and were classified as A by the Clermont typing proce-
dure, and all but one strain contained ehxA.

Ten polymorphisms were identified that differentiated 045
STEC strains from O45 non-STEC strains. The 10 polymorphisms
were rmlB 966 T—C, wbhQ 721 C—A, wbhU 241 G—A, wzy 752
T—C, wzy 906 T—C, wbhW 21 C—T, wbhW 997 T—G, inter-
genic 13299 C—A, intergenic 13340 A base insertion, and inter-
genic 13534 A—C (Table 1). Polymorphisms wbhQ 721 C—A,

aem.asm.org 6693


http://aem.asm.org

Norman et al.

TABLE 2 Comparison of sensitivity and specificity estimates across different categories of virulence for the 21 assays targeting the single nucleotide
polymorphisms in six O serogroups

stx alone” stx with eae® stx with eae and ehxA°
Assay % Se? (95% CI) % Sp° (95% CI) % Se (95% CI) % Sp (95% CI) % Se (95% CI) % Sp (95% CI)
026
rmlA 30 and wzx 953 96.8 (90.4, 99.2) 56.2 (53.0, 59.4) 98.9 (93.4,99.9) 56.2 (52.9, 59.3) 98.9 (93.3,99.9) 55.9 (52.7, 59.1)

fmll 88 and wzx 953

96.8 (90.4, 99.2)

87.3 (84.9, 89.3)

045
rmlB 966 100.0 (88.8,100.0)  95.4 (93.9, 96.5)
whbhQ 721 100.0 (88.8,100.0)  96.5 (95.2, 97.5)
wbhU 241 97.4 (84.9, 99.9) 93.6 (92.0, 95.0)
wzy 752 97.4 (84.9, 99.9) 97.8 (96.7, 98.6)
wzy 906 97.4 (84.9, 100.0) 97.2 (95.9, 98.0)
wbhW 21 97.4 (84.9, 99.9) 96.7 (95.4, 97.6)
wbhW 997 97.4 (84.9, 99.9) 97.0 (95.7, 97.9)
Inter 13299 100.0 (88.8,100.0)  95.9 (94.5, 97.0)
Inter 13534 97.4 (84.9, 99.9) 96.9 (95.6, 97.8)

0103
whtD 937 75.2 (65.7, 82.9) 99.8 (99.2, 100.0)
o111
Inter 492 97.4 (92.1,99.3) 87.4 (85.1, 89.4)
whdH 1006 97.4 (92.1,99.3) 44.9 (41.7,48.2)
whdK 687 95.9 (90.1, 98.5) 90.3 (88.2, 92.1)
wzx 1128 97.5(92.3,99.3) 88.1(85.9, 90.1)
0121
vioA 313 93.3 (76.5, 98.8) 94. (92.8, 95.6)
whqE 437 90.0 (72.3, 97.4) 93.4 (91.7, 94.8)
whql 582 90.0 (72.3, 97.4) 93.6 (91.9, 95.0)
0145
wzy 37 94.1 (78.9, 99.0) 98.1 (97.1, 98.8)

96.8 (90.3, 99.2)

100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100 (88.6, 100.0)

100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)

75.2 (65.7, 82.9)

97.1 (91.3, 99.3)
97.2 (91.4, 99.3)
95.5 (89.2, 98.3)
97.2 (91.5,99.3)

100.0 (85.0, 100.0)
96.4 (79.8, 99.8)
96.4 (79.8, 99.8)

94.1 (78.9, 99.0)

87.2(84.8,89.2)

95.3 (93.8, 96.4)
96.4 (95.1, 97.4)
93.7 (92.0, 95.0)
97.8 (96.7, 98.6)
97.2 (95.9, 98.0)
96.7 (95.4, 97.7)
96.8 (95.5, 97.7)
95.8 (94.4, 96.9)
96.9 (95.6, 97.8)

99.8 (99.2, 100.0)

86.4 (84.1, 88.5)
44.6 (41.4, 47.8)
89.3 (87.1,91.2)
87.1 (84.8, 89.1)

94.4 (92.8, 95.6)
93.4 (91.7, 94.8)
93.6 (92.0, 95.0)

98.1 (97.1, 98.8)

96.7 (90.1, 99.2)

100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)
100.0 (88.6, 100.0)

75.2 (65.7, 82.9)

96.9 (90.5, 99.2)
96.9 (90.7, 99.2)
95.0 (88.3, 98.2)
97.0 (90.8, 99.2)

100.0 (85.0, 100.0)
96.4 (79.8, 99.8)
96.4 (79.8, 99.8)

93.8 (77.8,98.9)

87.0 (84.6, 89.0)

95.3 (93.8, 96.4)
96.4 (95.1, 97.4)
93.7 (92.0, 95.0)
97.8 (96.7, 98.6)
97.2 (95.9, 98.0)
96.7 (95.4, 97.7)
96.8 (95.5, 97.7)
95.8 (94.4, 96.9)
96.9 (95.6, 97.8)

99.8 (99.2, 100.0)

85.6 (83.2, 87.7)
44.1 (41.0, 47.3)
88.5 (86.2, 90.4)
86.3 (83.9, 88.4)

94.4 (92.8, 95.6)
93.4 (91.7, 94.8)
93.6 (92.0, 95.0)

97.9 (96.9, 98.7)

@ All strains containing stx,, stx,, or both were considered virulent (true positive).

b All strains containing either stx,, stx,, or both and also containing eae were considered virulent.
¢ All strains containing either stx;, stx,, or both and also containing both eae and ehxA were considered virulent.

4 Ge, sensitivity.

¢ Sp, specificity.

FCI, confidence interval.
£ Inter, intergenic.

wbhU 241 G—A, wzy 752 T—C, and wbhW 997 T—G resulted in
amino acid coding changes (Table 1). The genes containing poly-
morphisms that were specific to the O45 serogroup include wbhQ,
wbhU, and wbhW. A combination of any one of the nine other
polymorphisms with intergenic 13340 A base insertion divided
the O45 strains in our sequencing panel into one group that con-
tained strains with stx and a second group containing strains that
did not contain stx.

MALDI-TOF assays were used to determine the STEC allele
frequencies of nine of the 045 polymorphisms in a panel of 1,096
strains, including 39 045 STEC strains. The nine STEC-associated
alleles from the O45 polymorphisms were significantly (P <
0.001) associated with the O45 serogroup. The sensitivity esti-
mates were slightly improved for wbhU 241 G—A, wzy 752 T—C,
wzy 906 T—C, wbhW 21 C—T, wbhW 997 T—G, and intergenic
13534 A—C when eae and ehxA were included as classifiers with
stx. The specificity estimates were similar regardless of whether stx
alone, stx with eae, or stx with eae and ehxA was included as the
classifier (Table 2).
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0103. An 11,881-bp region of the O-antigen gene cluster from
23 0103 strains was sequenced and aligned with three E. coli 0103
reference sequences (AY532664 [33], EF027106 [unpublished
data], and AP010958 [50]). A total of 202 polymorphisms were
identified, of which 40 were nonsynonymous and 1 was a dele-
tion (see Table S3 in the supplemental material). A UPGMA
tree generated from the alignment illustrated that O-antigen
gene cluster sequences displayed distinct lineage differences,
with the majority of 0103 STEC and O103 non-STEC strains
clustered separately (Fig. 4). Clusters 1 and 2 contained non-
STEC strains, and cluster 3 contained all the STEC strains and
three non-STEC strains. Strains in clusters 1 and 2 did not
contain any of the virulence genes. The majority of the STEC
strains in cluster 3 contained eae, ehxA, nleB, and efal (lifA),
and two of the three non-STEC strains found in cluster 3 also
contained eae.

One polymorphism was identified that differentiated 0103
STEC strains from O103 non-STEC strains (Table 1). The wbtD
937 C—T polymorphism resulted in an amino acid coding change
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045 Cluster 1

E. coli O-Antigen Gene Cluster Polymorphisms

045 Cluster 2

82

99

6.0E-5

045 Cluster 3
—

045 Cluster 4 l

- o 8

£5: 2

gy3i3E5p ¢
B o0 cW0O K Source

4 HeL 00000O0BLO 10 N/A(CDC)
87.1085 000000O0B2 [0 4 N/A (ECRC)

[ | 89.0609 000000O0B2 |0 4 N/A (ECRC)
015-1269 1011[1]1a [1]2 Human
06-224 1011 [1|1A |1|Undet Human (CDC)
11C 1011(1/1A 1] 2 Human (ECRC)
A9619-C2 101 1[1{1A |1] 2 N/A(CDQ)
ALLG 1011 1(1A 1| 2 Human (Park)
cou 1010 [1{1A |1]| 2 Human (Park)
G4 1011 1/1A |1 2  N/A(NE)

H3 1011 1/1A |12  N/A(NE)

|| wbG-3 1011 |1/1A [1|Undet Wetdistiller (NE)

AY771223 10 1 1 1] 2 Genbank (CDC)

FIG 3 UPGMA tree of the O-antigen gene clusters from 13 O45 Escherichia coli strains. Bootstrap values are presented on the corresponding branches, and
clusters are represented in parentheses. Strains with the nleB gene are highlighted in blue, highlighted in green are strains with the A base deletion in polymor-
phism intergenic 13340, and highlighted in red are strains with the C, A, A, T, C, C, T, G, and A STEC-associated alleles in the other nine identified polymor-
phisms. The unit of measure for the scale bar is the number of nucleotide substitutions per site. N/A, not available; ECRC, Escherichia coli Reference Center.

and is gene specific to the O103 serogroup. The polymorphism
captured all O103 strains in our sequencing panel that contained
stx (all of our O103 strains contain only stx,); however, it also
included two strains that did not contain stx. The MALDI-TOF
assay was used to determine the STEC allele frequency of the wbtD
937 C—T polymorphism in a panel of 1,084 strains, including 105
0103 STEC strains. The wbtD 937 T STEC-associated allele was
significantly (P < 0.001) associated with the O103 serogroup. The
sensitivity and specificity estimates were exactly the same regard-
less of whether stx alone, stx with eae, or stx with eae and ehxA was
included as the classifier (Table 2).

O111. A 14,514-bp region of the O-antigen gene cluster from
47 O111 strains was sequenced and aligned with two E. coli O111
reference sequences (AF078736 [62] and AP010960 [50]). A total
of 54 polymorphisms were identified, of which 22 were nonsyn-
onymous and one was a deletion (see Table S3 in the supplemental
material). A highly polymorphic region was observed at reference
AF078736 nucleotide positions 3156 and 3165 in an intergenic
region. At position 3156, 23 (85%) of the strains had more than 10
T’s, while the remaining strains had no more than 9 T’s. The
majority (21/23; 91.3%) of the strains with more than 10 T’s were
STEC strains, while the majority (24/26; 92.3%) of the strains with
no more than 9 T’s were non-STEC. The same observation was
made at position 3165, where the majority (23/26; 88.5%) of non-
STEC strains only had three G’s and the majority (20/23; 87%) of
STEC strains had more than three. A UPGMA tree generated from
the alignment illustrated that sequence differences in the O-anti-
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gen gene cluster displayed distinct lineage differences, with the
majority of STEC and non-STEC strains clustered separately (Fig.
5). Clusters 1, 2, and 3 contained non-STEC strains, and cluster 2
primarily contained EPEC strains. The EPEC strains were the only
non-STEC strains to contain nleB, efal (lifA), and bfpA. Clusters 4,
5, and 6 contained the STEC strains, and the clusters appeared to
be associated with the H serogroup. The majority of the STEC
strains in clusters 4, 5, and 6 contained eae, ehxA, and efal (lifA),
and all four of the non-STEC strains in cluster 5 contained eae.

Four polymorphisms were identified that differentiated O111
STEC strains from O111 non-STEC strains. The four polymor-
phisms were intergenic 492 G—T, wbdH 1006 G—A, wbdK 687
C—T, and wzx 1128 A—T. The wbdH 1006 G—A polymorphism
was the only O111 polymorphism that resulted in an amino acid
coding change (Table 1). The genes containing polymorphisms
that were specific to the O111 serogroup include wbdH and wbdK.
The STEC-associated alleles of the four polymorphisms were
found in the same O111 strains as genotyped in this study; how-
ever, only one of the polymorphisms is needed to differentiate the
strains that contained stx. The polymorphisms captured all of the
0111 strains in our sequencing panel with stx, or both stx, and stx,
(there were no strains with only stx,); however, there were four
strains with the STEC-associated alleles that did not contain stx
(Fig. 5).

MALDI-TOF assays were used to determine the STEC allele
frequencies of the four O111 STEC-associated polymorphisms in
a panel of 1,063 strains, including 116 O111 STEC strains. The
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FIG 4 UPGMA tree of the O-antigen gene clusters from 26 O103 Escherichia coli strains. Bootstrap values are presented on the corresponding branches, and
clusters are in parentheses. EPEC strains are highlighted in yellow, strains with the nleB gene are highlighted in blue, and strains highlighted in red have the T
STEC allele for polymorphism wbtD 937 C—T. The unit of measure for the scale bar is the number of nucleotide substitutions per site. IDPH, Idaho Department
of Public Health; SDSU, South Dakota State University.
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Source
Human (ITA)
Human (BRA)
Fly (TN)
Human (DEU)
Human (WS)
Human (TX)
Human (CA)
Human (NH)
Human (GBR)
Human (NJ)
Human (DEU)
N/A

N/A

Human (PER)
N/A

Human (FL)
Human (CDC)
N/A

Human (KEN)
N/A

Turkey
Swine

Bovine (CO)
Human (ID)
Human (DNK)
Fly (CA)

Bovine (NE)
Human (CUB)
N/A

Human
Human (DEU)

Human (CAN)
Human (NE)
Fly (KS)
Human (JPN)
Human (NE)
Human (WA)
Human
Human (TX)

Human (CAN)
Human (ID)
N/A (SD)

Calf (SD)
Bovine (IA)
N/A (SD)
Human (CAN)
Swine (IN)
Bovine (SD)
Bovine (IN)

FIG 5 UPGMA tree of the O-antigen gene clusters from 49 O111 Escherichia coli strains. Bootstrap values are presented on the corresponding branches, and clusters are
represented in parentheses. EPEC strains are highlighted in yellow, strains with nleB are highlighted in blue, and strains with bfpA are highlighted in orange. Strains
highlighted in red have the T, A, T, and T STEC-associated alleles for polymorphisms intergenic 492 G—T, wbdH 1006 G—A, wbdK 687 C—T, and wzx 1128 A—T;
strains highlighted in green also have the STEC-associated alleles but are a cluster of O111:H11 strains. The unit of measure for the scale bar is the number of nucleotide
substitutions per site. ITA, Italy; BRA, Brazil; DEU, Germany; GBR, England; PER, Peru; KEN, Kenya; DNK, Denmark; CAN, Canada; CUB, Cuba; JPN, Japan.
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FIG 6 UPGMA tree of the O-antigen gene clusters from 13 O121 Escherichia coli strains and one Shigella dysenteriae strain. Bootstrap values are presented on the
corresponding branches, and clusters are represented in parentheses. Highlighted in red are strains that have the T, T, and A STEC-associated alleles for
polymorphisms vioA 313 C—T, wbaE 437 C—T, and wbal 582 G—A. Highlighted in green are strains with stx, but none of the other virulence factors. The unit

of measure for the scale bar is the number of nucleotide substitutions per site.

intergenic T, wbdH 1006 A, wbdK 687 T, and wzx 1128 T STEC-
associated alleles were significantly (P < 0.001) associated with the
0111 serogroup. The sensitivity and specificity estimates were
similar regardless of whether stx alone, stx with eae, or stx with eae
and ehxA was included as the classifier (Table 2).

0121. A 14,999-bp region of the O-antigen gene cluster from
12 O121 strains was sequenced and aligned with a reference se-
quence for E. coli 0121 (AY208937 [31]) and a Shigella dysenteriae
reference sequence (AY380835 [29]). A total of 43 polymorphisms
were identified (see Table S3 in the supplemental material). A
UPGMA tree generated from the alignment illustrated that se-
quence differences in the O-antigen gene cluster displayed lineage
differences, with the majority of STEC and non-STEC strains clus-
tered separately (Fig. 6). Clusters 1 and 2 contained both STEC
and non-STEC strains, and cluster 3 contained a non-STEC strain.
Cluster 4 contained Shigella dysenteriae 7, which had an O-antigen
gene cluster that is closely related to the O-antigen gene cluster in
the O121 strains. The strains in cluster 1 contained eae, ehxA, and
efal (lifA). Interestingly, neither the STEC nor the non-STEC
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strains in cluster 2 or 3 contained any of the other virulence genes.
The clusters also appeared to be associated with stx; strains in
cluster 1 contained stx,, whereas strains in cluster 2 contained stx,.

Three nucleotide polymorphisms were identified that differen-
tiated O121 STEC strains from O121 non-STEC strains (Table 1).
The three polymorphisms were vioA 313 C—T, wbqE 437 C—T,
and wbql 582 G—A, with the first two polymorphisms resulting in
an amino acid coding change. All three polymorphisms were con-
tained in genes that were specific to the O121 serogroup. The
STEC-associated alleles for the three polymorphisms were found
in the same O121 strains as genotyped in this study; however, only
one of the polymorphisms would be needed to differentiate the
strains with stx. The polymorphisms captured all of the 0121
strains in the sequencing panel containing only stx,; however, the
STEC-associated allele does not capture the strains containing
only stx, (Fig. 6).

MALDI-TOF assays were used to determine the STEC allele
frequencies of the three O121 polymorphisms in a panel of 1,094
strains, including 30 O121 STEC strains. The three STEC-associ-
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FIG 7 UPGMA tree of the O-antigen gene clusters from eight O145 Escherichia coli strains. Bootstrap values are presented on the corresponding branches, and
clusters are represented in parentheses. EPEC strains are highlighted in yellow, strains with nleB are highlighted in blue, and strains highlighted in red have the
C STEC-associated allele for polymorphism wxy 37 A—C. The unit of measure for the scale bar is the number of nucleotide substitutions per site.

ated alleles from the O121 polymorphisms were significantly (P <
0.001) associated with the O121 serogroup. The sensitivity esti-
mates were improved when eae and ehxA were included as classi-
fiers with stx. The specificity estimates were the same regardless of
whether stx alone, stx with eae, or stx with eae and ehxA was used as
the classifier (Table 2).

0145. A 15,556-bp region of the O-antigen gene cluster from
six 0145 strains was sequenced and aligned with two E. coli O145
reference sequences (AY863412 [32] and AY647260 [28]). A total
of eight polymorphisms were identified, of which one was a dele-
tion (see Table S3 in the supplemental material). A UPGMA tree
generated from the alignment illustrated that sequence differences
in the O-antigen gene cluster displayed lineage differences, with
the majority of STEC and non-STEC strains clustered separately
(Fig. 7). Cluster 1 contained STEC strains, and cluster 2 contained
both STEC and non-STEC strains. All of the strains in cluster 1
contained eae and nleB, and one strain contained ehxA. The strains
in cluster 2 also contained eae, ehxA, and nleB, and in addition,
one strain also contained efal (lifA).

One polymorphism was identified that differentiated 0145
STEC strains from 0145 non-STEC strains. The wzy 37 A—C
polymorphism resulted in an amino acid coding change, was gene
specific to the 0145 serogroup, and captured all the O145 strains
in our sequencing panel that contained stx (Table 1). The MALDI-
TOF assay was used to determine the STEC allele frequencies of
the wzy 37 A—C polymorphism in a panel of 1,102 strains, includ-
ing 34 0145 STEC strains. The wzy 37 C STEC-associated allele
was significantly (P < 0.001) associated with the O145 serogroup.
The sensitivity and specificity estimates were similar regardless of
whether stx alone, stx with eae, or stx with eae and ehxA was in-
cluded as the classifier (Table 2).

DISCUSSION

Recent evidence suggests that non-O157 strains are responsible
for an increasing number of human infections and that the role of
these strains in causing diarrheal disease may be just as important
as that of O157 strains (15). Obtaining true prevalence estimates
for non-0157 infections is difficult due to the lack of mandatory
characterization of isolates, loss of isolates due to the use of non-
culture diagnostics, and also the lack of standardized testing
procedures. The aim of this study was to compare the O-antigen
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gene cluster sequences of 026, 045, 0103, 0111, 0121, and O145
E. coli strains to explore possible nucleotide associations with se-
rogroups and pathotypes.

We found that there was a substantial amount of O-antigen
gene cluster variation both within and between O serogroups. The
degree of variation detected within and between O-antigen genes
of E. coli was not unexpected due to lateral gene transfer events
that are often the result of environmental pressures and the neces-
sity to adapt for survival (36, 49). A complete genome comparison
study between an E. coli O157:H7 strain isolated from the Sakai
outbreak and a benign lab strain of E. coli, K-12 MG1655, found
that the two strains shared a 4.1-Mb sequence that was believed to
be the E. coli backbone; the remaining 1.4 Mb consisted of O157:
H7-specific sequences that appeared to be foreign DNA acquired
through lateral gene transfer (36). Another genome comparison
study on 026,0111,and O103 E. coli strains found alarge number
of strain-specific genes; however, virulence genes were well con-
served between strains (49). The conservation of virulence genes
between strains may be explained by the results of another study
which has shown through phylogenetic analysis that pathogenic
strains of E. coli have evolved and acquired virulence plasmids in
parallel (54). Dendrogram analyses of our strains also support this
hypothesis. We found that the majority of the non-STEC strains
had a different lineage than the STEC strains within the O sero-
groups (Fig. 2 to 7); however, STEC strains were more closely
related to non-STEC strains within the same O serogroup than to
STEC strains in the other O serogroups (data not shown).

Gene differences in the O-antigen gene clusters of E. coli strains
have been used to create PCR-based assays for detection of specific
non-O157 strains (24, 28). PCR assays were developed that were
specific to the 026 and O103 serogroups and also were able to
detect 026 and O103 strains in apple juice (24). One of the major
differences between previous PCR-based assay targets and the
polymorphisms found in this study was the ability to differentiate
between STEC and non-STEC strains. Many strains of non-O157
E. coli are not considered pathogenic, and it will be important for
the meat industry when responding to the mandatory testing re-
quirements beginning in 2012 to be able to differentiate between
regulated disease-causing non-O157 STEC strains and non-STEC
strains that only share the same O-antigen genes.
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We identified polymorphisms in a collection of E. coli strains
from each of the six O-serogroups that were not only specific to
the O serogroup but also, to a great extent, unique to STEC strains.
There were several false negatives and false positives associated
with the identified STEC-associated alleles for the strains se-
quenced in our collection; these included five false positives for
the 026 strains, two false positives for the 0103 strains, four false
positives for the O111 strains, and two false negatives and one false
positive for the O121 strains. However, 100% sensitivity or spec-
ificity for any STEC-associated allele would be highly unlikely due
to the evolutionary nature of E. coli and lateral gene transfer. It is
interesting to note that the two false-negative O121 strains (which
contained stx; but did not have the STEC-associated allele) did not
contain eae or ehxA and were positive for the H7 antigen. Thisis in
contrast to the majority of O121 STEC strains, which are positive
for stx, and the H19 antigen. All but one of the false-positive
strains (i.e., had the STEC-associated allele but did not contain
stx) in our sequencing panel contained eae.

Research is ongoing, and questions still remain unanswered as
to what genes are necessary to confer virulence in humans (3, 5,
67). Research has shown that stx is associated with severe disease
and hemolytic-uremic syndrome (HUS) (34), whereas eae is asso-
ciated with attachment of the bacteria to the epithelium (1). Sev-
eral studies have shown a significant association between stx, and
eae and severe clinical disease (11, 27, 64). The O121 strains se-
quenced in this study may have recently acquired stx, or lost eae
and ehxA. Another study conducted in Germany found that EPEC
strains associated with bloody diarrhea and cases of HUS were
closely related to STEC strains and clustered in the same multilo-
cus sequence typing (MLST) clonal complexes (7). The authors
hypothesized that these EPEC strains were originally STEC strains
that lost stx once infection was established in the patients. Other
studies have suggested that STEC strains evolved from EPEC
strains by acquiring stx (54, 66). In the absence of genes encoding
alternate mechanisms for colonizing hosts, STEC strains that do
not contain eae or ehxA may be reduced in virulence and less
clinically important. These strains may have once had the ability
to cause severe disease but due to the loss of attachment genes may
now be unable to sustain infection in a human host. The differ-
ences in the H antigen between the stx; and stx, strains also sup-
port the alternative hypothesis that an stx, phage infected a par-
ticular lineage of O121 strains.

The five false-positive O26 strains (which have the STEC allele
but do not contain stx) are also of particular interest because four
of them contain eae (Fig. 1). Research has been conducted on the
ability of 026 aEPEC strains to acquire stx-carrying phages and
026 EHEC strains to lose stx in vitro (8). It has been found that
stx-carrying bacteriophages facilitate the bidirectional conversion
between 026 aEPEC and EHEC pathotypes. Bugarel et al. identi-
fied espK as a unique genetic marker for EHEC and EHEC deriv-
ative strains (EHEC strains that have lost stx) (18). The espK gene
was present in three of the four false-positive strains that con-
tained eae. Two of these strains were found in cluster 4 and had the
STEC alleles for polymorphisms rmlA 30 G—T and full 88 G—A.
The third strain was found in cluster 2 and contained the STEC
allele for polymorphism wzx 953 G—T. Interestingly, this strain
also contained nleB, whereas the other false-positive strain in clus-
ter 2 did not contain espK or nleB. The finding of espK in the 026
false-positives would indicate that these were EHEC strains that
lost their Shiga toxin-encoding genes.
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Overall, the MALDI-TOF assays used to determine the fre-
quency of the STEC alleles proved to accurately detect STEC
strains within serogroups in this study (Table 2). The panel of
bacterial strains used to validate the MALDI-TOF assays was in-
dependent from the bacterial strains used in the sequencing panel.
Due to the complex relationship between the presence of viru-
lence genes and the ability to cause human infection, we estimated
the sensitivity and specificity for each of the assays using three
different virulence gene classification groups. The first estimate
classified all strains with stx alone as a true positive, the second
estimate classified all strains that contained stx with eae as a true
positive, and the third estimate classified all strains that contained
stx with both eae and ehxA as a true positive. The different viru-
lence gene classification groups only affected the sensitivity and
specificity estimates for the O serogroups with a large diversity of
strains, which included the 026, 045, O111, and O121 strains.
Sensitivity and specificity estimates for classification with stx alone
and stx with eae did not vary dramatically for the O111 and 026
groups because the majority of the strains with stx also contained
eae. The O121 group and several of the assays in the O45 group
showed an increased sensitivity for stx with eae and stx with eae
and ehxA classifications because of strains with stx that did not
contain eae or ehxA and did not have the STEC-associated allele
(Table 2).

Overall, the sensitivity estimates of the 21 assays were high,
except for the assay targeting the 0103 wbtD 937 C—T polymor-
phism (75.2%) (Table 2). The low sensitivity was a result of 25
0103:H25 strains that did not have the STEC-associated allele and
were classified as false negatives. Interestingly, two of the O103:
H25 strains, one of which was included in the SNP discovery set,
did have the STEC-associated allele. Additional sequencing of
0103:H25 strains will be needed to determine whether an alter-
nate or additional SNP is needed to incorporate O103:H25 STEC
strains.

The majority of the assays had a high specificity, except for the
026 rmlA 30 G—T (with wzx 953 T—G) (56.2%) and O111 wbdH
1006 G—A (44.9%) assays (Table 2). The low specificity estimates
were a result of the large number of false positives. A large number
of non-O111 or non-O26 E. coli strains as well as Salmonella
strains contained the 026 or O111 STEC-associated alleles for
these two assays. One of the explanations for the large number of
false positives may be the close relationship between E. coli and
Salmonella. The polymorphisms in these two assays may be con-
tained within a region that is highly conserved both between E. coli
serogroups and between E. coli and Salmonella. Other studies have
also found a high degree of similarity in the genetic sequences of
the O antigens in E. coli and Salmonella enterica (37, 43).

Thirty-five (21.3%) of the strains sequenced in this study did
not contain stx but did contain eae and were classified as EPEC,
and the majority were O26 or O111 strains. Dendrogram analysis
revealed some interesting patterns in regard to potential virulence
factors and EPEC versus STEC strains (Fig. 2 and 5). The role of
these strains in human illness is not fully understood; however,
from the dendrogram analysis it appears that distinct lineages
have evolved, perhaps through environmental or selective pres-
sures to promote survival of the bacteria. In the O111 and 026
dendrograms, there was a distinct lineage separation, with the
majority of the STEC and EPEC strains clustered separately. The
majority of the O111 EPEC strains were typical and contained
nleB (Fig. 5), but the 026 EPEC strains were atypical and only a
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few contained nleB (Fig. 2). In contrast to nleB, which was found
only in the EPEC strains in the O26 and O111 serogroups, efal
(lifA) was found in the majority of both the EPEC and STEC
strains. nleB and efal (lifA) were found on the same pathogenicity
island (OI-122); however, other studies have also reported varia-
tion in the carriage of these genes between EPEC strains and the
existence of two main variants of the OI-122 pathogenicity island
(3). It was also interesting to note that nleB was found in the STEC
strains of the 045, 0103, and 0145 serogroups (Fig. 3, 4, and 7)
and was absent in all of the O121 strains (Fig. 6). Different selec-
tive pressures and evolutionary niches may be responsible for dif-
ferences in the carriage of nleB in 026 and O111 EPEC strains
versus 045, 0103, and O145 STEC strains. In contrast to the re-
sults found in this study, Bugarel et al. detected nleB in EHEC
strains belonging to the 026:H11, 0103:H2, 0111:H8, 0121:H19,
and O145:H28 serotypes (16, 17). The primary reason for the
contrasting results is most likely the different sample populations.
Bugarel et al. investigated strains from the National Reference
Laboratory for E. coli at the Federal Institute for Risk Assessment
in Berlin, Germany, and the French Food Safety Agency in Mai-
sons-Alfort, France. The strains investigated in this study were
primarily from sources in the United States. It is not unusual to see
differences in strain carriage across geographic regions or across
source demographics.

Another group of interest is highlighted in green in the O111
dendrogram (Fig. 5). Strains in this group had identical O-antigen
gene sequences and virulence gene profiles and are mostly sero-
type O111:H11. It is interesting that the majority of these strains
grouped separately from the other O111 STEC strains, because the
H11 antigen strains are primarily found in bovine hosts and do
not typically cause disease in humans. The STEC serotype
O111:H8 strains highlighted in red (Fig. 5) are more commonly
associated with human illness (14, 19). These STEC O111:H11
strains contained the same polymorphisms as the O111:H8 STEC
strains but also had two additional unique polymorphisms.

The presence of particular virulence genes does not appear to
be host specific. In the O111 serogroup, nleB was found mostly in
strains derived from humans, whereas in the O26 serogroup, nleB
was found in environmental strains (any strain from a nonhuman
source). In the O111 and O26 serogroups, ehxA was found in
strains originating from both human and environmental sources.
However, in order to further explore relationships between the
genes and potential host-specific factors, a larger and more diverse
sample of strains is needed. The majority of the O26 EPEC strains
were environmental, and the majority of both the O111 EPEC and
STEC strains were from human sources. This may be the reason
we did not see any host-specific gene profiles and why all the
typical EPEC strains were O111 strains. Other studies have found
that typical EPEC strains are most commonly isolated from hu-
man sources and not found in bovine sources (68).

The polymorphisms discovered in this study were unique, be-
cause not only do they differentiate between the six O serogroups but
also they are associated with STEC strains. Recent outbreaks of non-
0157 STEC in the United States and Europe have increased aware-
ness of these strains and highlighted the need to develop accurate tests
for identification. Discussions on public health and prevention have
led to the development of regulations in the meat industry concern-
ing testing for certain non-0157 STEC strains. In order to prevent
unnecessary loss of nonintact raw beef products and revenue, it will
be essential to have tests available that are both fast and accurate. The
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polymorphisms presented in this study can be used to develop
tests that should facilitate the identification of 026, 045, 0103,
0111, O121, and O145 STEC strains. The methods applied in
this study can also be used to identify potential STEC-associ-
ated alleles in other non-0O157 STEC serogroups. Sequencing
of additional strains in the six serogroups presented in this
article as well as additional serogroups will allow us to have a
greater confidence in our sensitivity estimates, further under-
stand the evolution of these strains, and potentially answer
questions regarding the role of particular virulence genes in
pathogenicity.
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