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ABSTRACT

Hybrid isolates of Shiga toxin-producing Escherichia coli (STEC) and enterotoxigenic E. coli (ETEC) encoding heat-stable en-
terotoxin (ST) are being reported with increasing frequency from a variety of sources. However, information regarding the plas-
mids that these strains harbor is scarce. In this study, we sequence and characterize a plasmid, p7v, from the STEC/ETEC hybrid
strain 7v. Whole-genome phylogenetic analyses of STEC/ETEC hybrid strains and prototype E. coli isolates of other pathotypes
placed 7v in the Escherichia sp. cryptic lineage 1 (CL1) clade. The complete plasmid, p7v, was determined to be 229,275 bp and
encodes putative virulence factors that are typically carried on STEC plasmids as well as those often carried on ETEC plasmids,
indicating that the hybrid nature of the strain extends beyond merely encoding the two toxins. Plasmid p7v carries two copies of
sta with identical sequences, which were discovered to be divergent from the sta sequences found in the prototype human ETEC
strains. Using a nomenclature scheme based on a phylogeny constructed from sta and stb sequences, the sta encoded on p7v is
designated STa4. In silico analysis determined that p7v also encodes the K88 fimbria, a colonization factor usually associated
with porcine ETEC plasmids. The p7v sequence and the presence of plasmid-encoded virulence factors are compared to those of
other STEC/ETEC CL1 hybrid genomes and reveal gene acquisition/loss at the strain level. In addition, the interrogation of 24
STEC/ETEC hybrid genomes for identification of plasmid replicons, colonization factors, Stx and ST subtypes, and other plas-
mid-encoded virulence genes highlights the diversity of these hybrid strains.

IMPORTANCE

Hybrid Shiga toxin-producing Escherichia coli/enterotoxigenic Escherichia coli (STEC/ETEC) strains, which have been isolated
from environmental, animal, and human clinical samples, may represent an emerging threat as food-borne pathogens. Charac-
terization of these strains is important for assessing virulence potential, aiding in the development of pathogen detection meth-

ods, and understanding how the hybrid strains evolve to potentially have a greater impact on public health. This study repre-
sents, to our knowledge, both the first characterization of a closed plasmid sequence from a STEC/ETEC hybrid strain and the
most comprehensive phylogenetic analysis of available STEC/ETEC hybrid genomes to date. The results demonstrate how the
mobility of plasmid-associated virulence genes has resulted in the creation of a diverse plasmid repertoire within the STEC/

ETEC hybrid strains.

Pathogenic Escherichia coli strains are categorized into patho-
types or pathovars (pathogenic variants) based on virulence-
associated genes whose expression contributes to particular dis-
ease symptoms in the human host (1). The virulence-associated
genes that are unique to a pathotype have been used as molecular
markers to define the pathotype of a given E. coli isolate. Two E.
coli pathotypes that cause a significant burden of illness through-
out the world are Shiga toxin-producing E. coli (STEC) and en-
terotoxigenic E. coli (ETEC) (1, 2). STEC genomes possess at least
one allele variant of either the stx, or stx, genes encoding Shiga
toxin. The Shiga toxin alleles have been classified into 10 subtypes
by sequence similarity: stx,,, stx,o SEX g, SEXo0 SEXop, SEXos SEXg,
$1X5e, SEX,p and $1X,, (3, 4). Colonization of the human large intes-
tine with STEC can result in severe hemorrhagic colitis and, in
some cases, a potentially fatal complication, hemolytic-uremic
syndrome (HUS), resulting from elaboration of the Shiga toxin.
ETEC strains colonize primarily in the small intestine and cause
watery diarrhea in the human host by expressing heat-stable en-
terotoxin (ST) and/or heat-labile enterotoxin (LT) (1). There are
two classes of ST, STa (encoded by sta) and STDb (encoded by stb),
which differ in sequence and mechanism of action (1). STa is
associated with human disease, while STb is typically associated
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with ETEC infection in pigs, although the stb gene has been found
in human ETEC isolates (1, 4—6). Some ETEC strains express fim-
brial intestinal colonization factors (CFs) that are specific to ani-
mals and are an important cause of diarrheal disease in pigs (1, 7).

Many of the virulence-associated genes that define a pathotype
are carried on mobile genetic elements and, thus, allow potential
genetic combinations that result in hybrid pathotype strains.
Highly virulent hybrid pathotype strains that possess molecular
markers associated with more than one E. coli pathotype have
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been reported and include, for example, the STEC/enteroaggrega-
tive E. coli O104:H4 hybrid that caused an outbreak with a high
percentage of HUS in Germany in 2011 (8). A recent report de-
scribes an STEC/extraintestinal pathogenic E. coli O80:H2 hybrid
that caused HUS and bacteremia (9). STEC/uropathogenic E. coli
02:H6 hybrid strains have also been reported (10). An additional
recent report of an E. coli strain isolated from a child with acute
diarrhea describes the strain as an enteropathogenic E. coli/ETEC
hybrid since the genome contains the locus of enterocyte efface-
ment (LEE) pathogenicity island and a gene encoding LT (11).
STEC/ETEC hybrid pathotype strains, carrying a gene expressing
Shiga toxin and a gene expressing ST, have been isolated from
many sources, including humans, animals, food, and water (4,
12-18). Some STEC/ETEC hybrid strains have been associated
with diarrheal disease and HUS in humans (14, 17, 19), whereas
others have been associated with diarrheal disease in pigs (13, 20).

In human isolates, LEE-positive STEC (also known as entero-
hemorrhagic E. coli [EHEC]) strains predominantly form two
phylogenetic clusters based on core genome sequences (21); how-
ever, LEE-negative STEC strains have more diverse genetic back-
bones (4, 19, 21). Although discrete lineages of ETEC have been
identified in high-resolution genomic analysis, ETEC strains are
considerably diverse genetically (22, 23). Various genome com-
parison studies using core genome multilocus sequence typing
(MLST) (19), MLST based on six genes (7), or pulsed-field gel
electrophoresis (16, 17) have revealed that hybrid STEC/ETEC
genomes are also quite diverse. In addition to strains belonging to
the Escherichia coli species, hybrid Shiga toxin-producing Esche-
richia spp./ETEC strains have been identified that are classified
phylogenetically as Escherichia sp. cryptic lineage 1 (Escherichia sp.
CL1) (4, 19, 24, 25). Escherichia sp. CL1 strains are phenotypically
indistinguishable from E. coli species but form a distinct clade by
genomic analysis (4, 25-27). One such strain, 7v, possesses the
genes that encode Stx2gand STa (4, 17). For simplicity, the hybrid
7v strain and other Shiga toxin-producing Escherichia sp. CL1
strains carrying genes that encode ST will be referred to as STEC/
ETEC hybrids throughout this work.

While the Shiga toxin gene is carried in a prophage integrated
in the chromosome, the sta or stb gene is usually carried by a
plasmid in ETEC (2). ETEC strains frequently contain more than
one plasmid, one of which, not necessarily encoding ST, often
encodes a fimbrial adhesin referred to as a colonization factor
(CF) (2, 28). ETEC strains isolated from humans elaborate hu-
man-specific CFs, while porcine ETEC isolates primarily harbor
plasmids encoding the CF K88 or F18 (1, 2, 7). Not all ETEC
strains carry known CFs, and these strains may represent CF-neg-
ative strains or possess CFs that are not yet identified (22). In
addition to STs and CFs, a virulence factor often encoded on
ETEC plasmids is the serine protease EatA (2, 28, 29). STEC also
commonly carries a gene encoding a serine protease, in this case
espP, on a plasmid (2). Another virulence factor carried by most
LEE-positive and some LEE-negative STEC plasmids is enterohe-
molysin, which is encoded by the ehxCABD operon (2, 30-32).
The catalase-peroxidase gene, katP, is frequently found on LEE-
positive STEC plasmids but is not normally encountered on LEE-
negative STEC plasmids (4, 30-32).

In general, ETEC plasmids contain an extensive number of
insertion sequences and possess a mosaic structure leading to a
highly diverse plasmid repertoire (33). While LEE-positive STEC
plasmids are not as highly diverse as ETEC plasmids, LEE-negative
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STEC plasmids appear to exhibit great variation (4) but remain
largely uncharacterized with the exception of pO113 (31). Addi-
tionally, the sequences of Escherichia sp. CL1 plasmids have not
been previously characterized; however, STEC/ETEC strain 7v is
reported to harbor a large plasmid encoding STa (17). It has been
noted that, although there is heterogeneity between virulence
plasmids carried by a particular E. coli pathotype, the plasmids
display a greater level of similarity within a pathotype than be-
tween pathotypes (2). In this study, the virulence plasmid p7v
harbored in hybrid STEC/ETEC strain 7v is sequenced and char-
acterized, and we address the question of whether virulence plas-
mids harbored in STEC/ETEC hybrid strains bear more resem-
blance to those typical of STEC or ETEC strains and whether this
is strain dependent. Plasmid-encoded virulence factors that are
carried in the genomes of 24 hybrid STEC/ETEC strains are iden-
tified. As p7v carries a previously undescribed STa-encoding al-
lele, a phylogeny of ST-encoding gene sequences from ETEC and
hybrid STEC/ETEC strains is constructed, and we determine the
extent to which this allele is found in other STEC/ETEC hybrid
strains. In addition, this work presents the first description, to our
knowledge, of a plasmid harbored in a CL1 strain, for which in-
formation is scarce, thus aiding in elucidating the extent to which
plasmids in CL1 strains potentially carry plasmid-encoded viru-
lence factors found in E. coli species.

MATERIALS AND METHODS

STEC/ETEC hybrid strains included in this study. STEC/ETEC hybrid
strains included in this study are listed in Table 1. The novel STEC/ETEC
strains that were sequenced and characterized in this study are MDP04-
01392, MDP04-02111, MI02-35, 857226, and 628591-2 and were kindly
provided by Peter Feng, while strain E149 was obtained from the STEC
Center (www.shigatox.net/new). The draft genomes of the remaining 18
STEC/ETEC hybrid strains were obtained from GenBank (Table 1).

DNA isolation and whole-genome sequencing. Genomic DNA was
extracted from overnight cultures grown in Luria broth at 37°C using the
DNeasy blood and tissue kit (Qiagen, Germantown, MD, USA). Sequenc-
ing libraries were prepared from genomic DNA with the Nextera DNA
sample preparation kit (Illumina, San Diego, CA, USA) and were se-
quenced on the Illumina MiSeq platform, generating paired-end 250-bp
reads in sufficient quantity to provide between 104- and 219-fold coverage
for each genome. Raw reads were trimmed and draft genome sequences
were assembled de novo with CLC Genomics Workbench v7.5 or v8.0
(CLC bio, Boston, MA, USA).

Plasmid isolation, sequencing, and characterization. Plasmid DNA
was extracted from STEC/ETEC strain 7v using the Qiagen Large-Con-
struct kit following the protocol included for plasmid extraction without
removal of contaminating genomic DNA (Qiagen). The enriched plasmid
DNA was sheared using a Covaris M220 Focused-ultrasonicator (Covaris,
Woburn, MA, USA), a sequencing library was prepared with the TruSeq
DNA sample preparation kit (Illumina), and the library was sequenced on
the Illumina MiSeq platform, generating paired-end 300-bp reads. A mate
pair sequencing library was also prepared from the purified plasmid DNA
using the Nextera mate pair library preparation kit (Illumina). The mate
pair library was sequenced on the Illumina MiSeq platform, generating
paired-end 250-bp reads. Raw reads were trimmed, and contigs were as-
sembled de novo with CLC Genomics Workbench v6.5.1 (CLC bio) in-
cluding reads from both sequencing libraries. To obtain a closed plasmid
sequence, suspected plasmid contigs were joined bioinformatically by
overlapping sequence, and one physical gap was closed by manual PCR
and sequencing. This was accomplished using primer pair 5'-TGGTTAC
TGGCAGAGATGAGC-3" and 5'-CTGGAATGATAAAGCAGTCTAGG-
3’, resulting in a PCR product that was sequenced using Sanger technol-
ogy with a GeXP8800 instrument (Beckman Coulter Inc., Fullerton, CA).
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TABLE 1 Characteristics of the STEC/ETEC hybrid strains included in this study

Heat-stable Colonization Accession no.
Strain” Serotype  Phylogroup Location/year  Source Shiga toxin(s) enterotoxin(s) factor Plasmid replicon(s) (reference)”
7v 02:H25 CL1 Hong Kong Feces of healthy Stx2g STa4 K88 FIB(AP001918), AEXD02000000 (50)
cattle FII(pSE11)
628591-2 02:H25 CL1 USA/2010 Coriander Stx2g° STa4 K88 FIB(AP001918), JZDN01000000 (this
FII(pSEL1) study)
1.2741 02:H25 CL1 Unknown Bovine Stxla, Stx2g STa4, STa5 K88 FIB(AP001918), AEZ102000000
FII(pSE11)
FE95160 0O2:H25 CL1 Burkina Bovine intestine Stxla STa5 FIB(AP001918), LFZ101000000 (15)
Faso/2008 FII(pSE11)
E807 02:H45 CL1 Australia Freshwater Stxla, Stx2a STa5 K88 FIB(AP001918), AEJX01000000 (24)
sediment FII(pSEL1), Col156
1H53473 O101:H33 A Finland/2001 Infant with HUS Stx2a STa4 FII(29), X1 LEZH01000000 (16)
CFSAN026836  O109:H48 A USA/1999 Pond water Stxla STa4 K88 FIB(AP001918), LDCY01000000
FII(pSEL1), FIC
CFSAN026835 O109:H48 A USA/1999 Bovine Stxla STa4 K88 FIB(AP001918), LDCZ01000000
FII(pSEL1), FIC
CVMN33742PS O136:H16 A USA/2011 Farm environment ~ Stx2g STa4 K88 FIB(AP001918), JUDF01000000
FII(pSE11), Col156,
Col(MG828),
ColRNAI,
Col(MGD2)
CVMN33429PS O136:H16 A USA/2011 Farm environment  Stxla STa4, STa5 K88 FIB(AP001918), JWZR01000000
FII(pSE11), FIC,
ColRNAI
CFSAN026844 Ol136:H16 A USA/1999 Bovine Stxla STa4, STa5 K88 FIB(AP001918), LDCWO01000000
FII(pSE11), A/C2,
ColRNAI
CFSAN026843  Ol136:H16 A USA/1999 Deer Stxla STa4, STa5 K88 FIB(AP001918), LGZN01000000
FII(pSE11), A/C2,
ColRNAI
S1191 Ol141:H4 A Unknown Pig with edema Stx2e STb1 F18 FII(pCoo), FII, X1, X4, AFEA02000000 (51)
disease 11, Y
K88 O141:H4 A China Pig Stx2e STb1 K88 FIB(AP001918), LBBN01000000
FII(pSE11),
FII(pCoo), FIC, X4,
11, pOl11,
ColRNAI
UMNF18 0O147:H4 A Towa/2007 Pig with diarrhea Stx2e STal F18 FII(pCoo), X1, X4, 11, AGTD01000000 (7)
ColRNAI
2.3916 O147:H4 A Unknown Pig Stx2e STal, STb1 F18 FII(pCoo), X1,11,P,Y AFAB02000000
1H57218 02:H27 A Finland/1997  Child with diarrhea Stx2a STa4 FII LFZJ01000000 (16)
E149 O138:H14 D England Pig Stx2e STal, STb1 F18 FII(pCoo), X1, 11, P, JZXA01000000 (12)
ColRNAI
C165-02 O73:H18 D Denmark Patient with bloody Stx2d STb2 Tef? FIB(AP001918), AFDR02000000 (52)
diarrhea FII(29), FIA, 11,
pOl111
3020-98 O187:H52 Bl Virginia/1998  Infant with Stxlc STa4 FIB(AP001918), FII AVRHO01000000 (12)
diarrhea
MDP04-01392 O187:H52 Bl Maryland/2004 Cantaloupe Stxlc STa4 FIB(AP001918), FII JZDJ01000000 (12)
MDP04-02111 O187:H52 Bl Michigan/2004 Cilantro Stxlc STa4 FIB(AP001918), FII JZDK01000000 (12)
MI02-35 0O187:H52 Bl Michigan/2002  Patient with bloody Stxlc STa4 FIB(AP001918), FII, JZDL01000000 (12)
diarrhea L/M(pMU407)
857226 O187:H52 Bl Unknown Raw milk Havarti Stxlc STa4 FIB(AP001918), FII JZDMO01000000 (this
cheese study)

7 Strains in bold font were sequenced as part of this study.

b The accession number is unpublished if no reference is given.
¢ The genome contains two copies.

9Tcf, Typhi colonization factor.

Samples were analyzed using the GeXP8800 software, and the resulting
sequence trace files were exported for further analysis with the SeqMan
Pro module of the Lasergene software package (DNASTAR Inc., Madison,
WI). Joined sequences were then verified by mapping the reads onto the
joined sequence using CLC Genomics Workbench (CLC bio). The se-
quence of the completely closed plasmid p7v was annotated using RAST
(34). Manual annotation using BLASTp (http://blast.ncbi.nlm.nih.gov
/Blast.cgi) for selected predicted coding sequences was also performed.
Whole-genome phylogeny. Using the E. coli K-12 MG1655 genome as
a reference, BLASTn analyses of 42 representative closed E. coli/Shigella
genomes identified 2,542 conserved chromosomal genes present in at
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least 41 of the genomes with at least 95% sequence similarity to K-12
MG1655. Strain relatedness was determined through phylogenetic analy-
sis of sequence variation of these 2,542 conserved chromosomal genes.
Sequences for these genes were extracted from the draft genomes of the 24
STEC/ETEC hybrid strains via BLASTn searches using the sequences from
strain K-12 MG1655 as queries, and for each genome, the matching bases
were aligned in one file for each core gene. Each core gene alignment was
then scanned for nucleotide variation at each position. Draft genomes of
five CL1 strains and closed genomes of 26 reference E. coli prototype
strains from other E. coli pathotypes were included in the phylogenetic
analysis for comparative purposes (GenBank accession numbers are given
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FIG 1 Phylogenetic relationships of STEC/ETEC hybrid strains to other E. coli strains. This neighbor-joining tree was constructed using a p distance matrix.
Molecular serotypes, strain designations, and GenBank accession numbers (or WGS prefixes) are given at the branch tips. STEC/ETEC hybrid strains are
indicated by the black circles. E. coli (A, B1, B2, D, E, and F) and Escherichia sp. cryptic lineage 1 (CL1) phylogroups are marked by the square brackets. SNPs,

single nucleotide polymorphisms.

in Fig. 1). A total of 235,269 polymorphic sites were identified among the
55 genomes, which were then concatenated and imported into MEGA 3.1
(35) for neighbor-joining analysis using a p distance matrix and 500 boot-
strap replications, with gaps in the data handled by the pairwise deletion
option. E. coli phylogroups were assigned to the STEC/ETEC hybrid
strains on the basis of their location within the resulting phylogenetic tree.

Molecular serotyping and plasmid sequence comparisons. The mo-
lecular serotypes of the STEC/ETEC hybrid strains were determined from
the draft genomes by BLASTn analysis utilizing an in-house custom da-
tabase, including the wzx, wzy, wzm, wzt, fliC, fIkA, flIA, flmA, and flnA loci
(36—42). BLASTn analysis that utilized an in-house custom database was
also used to identify the allele subtypes of the Shiga toxin genes and the
presence of heat-stable enterotoxin-encoding genes. The STEC/ETEC
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draft genomes were interrogated in silico using BLASTn analysis with
primer sequences obtained from published work for ETEC colonization
factors CS1, CS2, CS3, CS4, CS5, CS6, CS7, CS8, CS12, CS13, CS14, CS15,
CS17, CS18, CS19, €S20, CS21, CS22, and CFA/I (43, 44). In addition,
the genomes were queried by tBLASTn using sequences for the animal
versions of the colonization factors, including all eight K88 fimbrial
proteins, FaeC, FaeD, FaeE, FaeF, FaeG, FaeH, Fael, and FaeJ (plasmid
pUMNKS88_K88, GenBank accession no. CP002730.1), and the four F18
fimbrial proteins, FedA, FedB, FedC, and FedE (E. coli strain UMNF18,
GenBank accession no. AGTD01000000). Additional tBLASTn searches
using sequences for Typhi colonization factor (Yersinia kristensenii TctC,
GenBank accession no. CNL86260, and Salmonella enterica subsp. en-
terica serovar Senftenberg strain ATCC 43845 TcfC, GenBank accession
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FIG 2 Plasmid p7v. The closed plasmid sequence was determined and annotated, revealing a hybrid plasmid. Virulence genes typically associated with STEC are
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plasmid maintenance (orange), conjugative transfer (green), coding sequence (blue), insertion sequence (yellow), and hypothetical (gray).

no. ESF46116.1) were performed. Plasmid replicons were identified in the
STEC/ETEC genomes using PlasmidFinder 1.3 (45), with a threshold
identity of 85%. To determine whether CL1 strains other than 7v harbora
plasmid with a similar sequence to p7v, BLASTn analysis was performed
on CL1 draft genomes using the sequence of p7v as a query. For hybrid
STEC/ETEC CL1 strains, as well as for ETEC CL1 strain M863, the BLAST
Ring Image Generator (BRIG) v0.95 was utilized for sequence compari-
son (46). STEC/ETEC strains were also interrogated by tBLASTn analysis
for the presence of the STEC virulence genes katP, espP, and ehxA, which
are carried on the virulence plasmid pO157 harbored in EHEC strain
EDL933 (GenBank accession no. CP008958.1), eatA (GenBank accession
no. FN649418.1), and astA (GenBank accession no. YP_009077498). For
all tBLASTn analyses, a gene was considered present with an amino acid
sequence identity of =80%.

Heat-stable enterotoxin phylogeny. Gene sequences for STa and STb
were downloaded from GenBank or extracted from genomes sequenced
in this work. A total of 228 sta and 22 stb sequences were included, of
which 21 unique sta and 5 unique stb sequences were identified. The 26
unique sequences were aligned using the ClustalW algorithm as imple-
mented in the MegAlign module of the Lasergene software package
(DNASTAR Inc.). The resulting alignment was imported into MEGA for
neighbor-joining analysis using a p distance matrix and 500 bootstrap
replications.

Nucleotide sequence accession numbers. The sequence of plasmid
p7v was deposited in GenBank under accession no. KT992796. The draft
genome sequences of the STEC/ETEC strains MDP04-01392, MDP04-
02111, MI02-35, 857226, 628591-2, and E149 were deposited in GenBank
under the accession numbers given in Table 1.

RESULTS

Whole-genome phylogeny. Similar to strain 7v, the hybrid STEC/
ETEC strain FE95160 was determined by Nyholm et al. to be an
Escherichia sp. CL1 strain (19). In order to discover whether there
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are other hybrid STEC/ETEC CLI strains and how these hybrid
strains compare phylogenetically to other CL1 strains as well as to
other STEC/ETEC hybrid strains in general, a core genome phy-
logeny was determined. The 24 STEC/ETEC hybrid strains in-
cluded were obtained from a variety of sources. Molecular sero-
typing based on the genome sequences revealed an assortment of
serotypes (Table 1). Phylogenetic analysis revealed that five STEC/
ETEC hybrid strains cluster in the CL1 phylogroup, inclusive of
strain 7v (Fig. 1). In fact, two strains, 628591-2 and 1.2741, share
99.96% core nucleotide sequence similarity with strain 7v. The
remainder of the STEC/ETEC hybrid strains were distributed
throughout E. coli phylogroups A (12 strains), B1 (5 strains), and
D (2 strains). No STEC/ETEC hybrid strains clustered with phy-
logroup B2, E, or F. Although the results determined that 12
strains are members of phylogroup A, they are not found in a
single cluster; instead, some strains are found on more distant
branches within the phylogroup. In contrast, the CL1 STEC/ETEC
hybrid strains appear to cluster more closely within the CL1 lin-
eage. Visual inspection of the amount of backbone variation (i.e.,
branch lengths) that is present among the CL1 hybrid strains ap-
pears comparable to that observed within each of the E. coli phy-
logroups as opposed to the species-wide variation across the phy-
logroups, suggesting that the CL1 hybrid strains belong to a single
phylogroup within CL1 (Fig. 1).

Characterization of plasmid p7v. The closed sequence of the
large virulence plasmid harbored in STEC/ETEC strain 7v was
determined to be 229,275 bp in size. Annotation of the plasmid
sequence using RAST (34) revealed 340 coding sequences. Inter-
estingly, p7v is a hybrid plasmid that encodes virulence factors
associated with STEC plasmids as well as those associated with
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ETEC plasmids (Fig. 2). STEC plasmid-associated genes carried
by p7v include enterohemolysin ehxCABD (2, 30-32), serine pro-
tease espP (2, 31), and catalase katP (4, 30-32). ETEC plasmid-
associated genes carried by p7v include heat-stable enterotoxin sta
and serine protease eatA (2,28,29). The astA gene that encodes the
EAST1 toxin, associated with several E. coli pathotypes including
ETEC and STEC (47), is also carried on p7v. Plasmid p7v was
found to contain a conjugative transfer locus, frequently found on
E. coli plasmids, regardless of pathotype. ETEC strains often carry
a plasmid-encoded CF locus, so we sought to determine whether
p7v carries a CF locus. tBLASTn analysis and annotation of p7v
revealed that p7v possesses all eight genes constituting an operon
similar to the K88 fimbria CF, which is typically found on plas-
mids harbored in porcine ETEC strains (2). The FaeC, FaeD, FaeE,
FaeF, FaeH, Fael, and Fae] proteins encoded on p7v share between
82% and 96% amino acid sequence identity with those encoded
on the reference plasmid pUMNK88_K88. However, FaeG, the
major subunit, shares only 29% amino acid sequence identity with
the FaeG protein encoded on pUMNKS88_K88. Although p7v en-
codes the K88 fimbria that is typically found on porcine ETEC
plasmids, in silico analysis revealed that p7v does not encode the
STb variant form of ST, which is encoded on the plasmid harbored
in the reference porcine ETEC strain UMNKS88 (7). Instead, p7v
encodes two identical copies of STa. The virulence factors typical
of ETEC plasmids are adjacent to each other in the p7v sequence,
and those typical of STEC plasmids, although spread over a greater
length of the sequence, are also adjacent to each other (Fig. 2).
Characteristic of many large E. coli virulence plasmids, especially
ETEC plasmids (33), p7v contains many insertion sequences that
are distributed throughout the plasmid sequence. Replicons from
two different incompatibility groups were identified on p7v,
namely, RepFIB and RepFIL. In silico PCR and PlasmidFinder (45)
were used to verify the presence of these two replicons and the
absence of others in the STEC/ETEC strain 7v genome. The two
replicons are found within the segment of p7v that contains the
STEC virulence factors. Along with the typical STEC virulence
factors mentioned above, the STEC-like segment of p7v carries
additional genes that may encode factors aiding in virulence or
survival, such as a type VI secretion system, a serine-threonine
protein kinase, a microcin, the insecticidal toxin SepC, and the
PhoP/Q-regulated protein PqaA. Sequence analysis determined
that two enzymes related to metabolic processes, namely, formate
dehydrogenase and glycosyltransferase, are encoded on p7v
within the ETEC-like sequence segment. Many open reading
frames that encode hypothetical proteins are distributed through-
out the plasmid sequence (Fig. 2).

Comparison of p7v to plasmids harbored in other STEC/
ETEC hybrid strains. Having characterized the large virulence
plasmid harbored in strain 7v and having determined that four
additional STEC/ETEC hybrid strains are phylogenetically classi-
fied as CL1, we inquired as to whether they harbored a plasmid
similar to p7v. In silico analysis identified the RepFIB and RepFII
plasmid replicons on p7v; thus, the replicons contained in the
genomes of all of the STEC/ETEC hybrid strains were exam-
ined utilizing PlasmidFinder (45). We discovered that the ge-
nomes of all five (inclusive of 7v) CL1 hybrid strains contain
the RepFIB(AP001918) and RepFII(pSE11) replicons (Table
1). In fact, the genomes of seven of the STEC/ETEC hybrid strains
clustering in phylogroup A carry these two plasmid replicons
along with other replicons. In particular, the RepFIB(AP001918)
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plasmid replicon was found in 18 of the 24 STEC/ETEC hybrid
strains. The genomes of many strains possess several replicons,
suggesting that additional plasmids may be present in these strains
(Table 1). Since the genomes of the STEC/ETEC CLI1 hybrid
strains were determined to contain the same plasmid replicons as
p7v, a comparison of the nucleotide sequence of p7v to the ge-
nomes of the other STEC/ETEC CL1 strains was conducted using
the BLAST analysis-based software BRIG (46) (Fig. 3). The ETEC
pathotype CLI strain M863 that clusters with strain 7v by whole-
genome single nucleotide polymorphism (SNP) analysis (Fig. 1)
was also included. The results reveal that strains 628591-2 and
M863 most likely harbor large virulence plasmids similar to p7v
(Fig. 3). These two strains each exhibit =90% nucleotide identity
to the p7v sequence over 89% and 95% of the length of p7v, re-
spectively. Strain 1.2741 also exhibits high sequence identity
(=90% nucleotide identity over 85% of the length of p7v), and
although the 1.2741 plasmid appears to be missing several genes,
strain 1.2741 most likely also carries a plasmid similar to p7v.
STEC/ETEC strains FE95160 and E807 demonstrate much less
sequence similarity (<55% of the length of p7v has =90% nucle-
otide identity to the p7v sequence) and most likely do not carry a
complete plasmid resembling p7v. It was determined by BLASTn
analyses of the remaining CL1 strains included in Fig. 1 (nonhy-
brid strains) that these strains do not harbor a plasmid similar to
p7v, as <36% of the length of p7v has =90% sequence identity to
the p7v sequence, and they do not contain either of the two plas-
mid replicons found on p7v. Inspection of the plasmid compari-
son results revealed the possible absence of several virulence genes
in several of the STEC/ETEC CL1 genomes (Fig. 3). Utilizing
tBLASTn analysis, the STEC/ETEC genomes were interrogated for
the presence of the virulence genes katP, espP, ehxA, eatA, and astA
specifically. Strain 7v is the only strain that carries all five genes
(Table 2). ETEC CLI strain M863, however, is lacking only the
astA gene. The results of the gene-specific analysis are in agree-
ment with the results of the BRIG analysis (Table 2; Fig. 3). The
katP and espP genes are not present in any of the non-CL1 STEC/
ETEC hybrid strains, with the exception of espP in strain IH53473
(Table 2).

Characterization of p7v revealed that along with STEC and
ETEC virulence genes, p7v encodes an adherence factor, the K88
fimbria. BLASTn results of the other four STEC/ETEC CLI hy-
brids confirm the result obtained by BRIG analysis that shows the
presence of homologs of the entire K88-encoding operon in all but
strain FE95160 (Table 1; Fig. 3). While STEC/ETEC strain
628591-2 possesses an faeG homolog similar to that found on p7v,
STEC/ETEC strains 1.2741 and E807 encode an FaeG protein with
similarity neither to that encoded on p7v nor to that on
UMNKS88_pK88. The K88 CF was also present in seven STEC/
ETEC hybrid strains that cluster in E. coli phylogroup A. However,
it was determined that none of these strains encode the homolog
of FaeG encoded on p7v, and only STEC/ETEC strain K88 en-
codes the homolog of FaeG encoded on UMNKS88_pK88. Another
CF that was associated with porcine ETEC strains, F18, was deter-
mined to be harbored by four STEC/ETEC hybrid strains, all iso-
lated from pigs. These strains contain the four fimbrial proteins,
FedA, FedB, FedC, and FedE, that are encoded on the reference
plasmid UMNF18_87. The amino acid sequence identities range
from 96% to 100% compared to those encoded on plasmid
UMNF18_87 for the four fimbrial proteins in the STEC/ETEC
hybrid strains. Interestingly, none of the CFs typically found on
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FIG 3 Comparison of the p7vsequence to CL1 STEC/ETEC strains. Sequence comparison was performed using BRIG (46). CL1 ETEC strain M863 was included.
Lighter colored areas denote less than 75% sequence identity to p7v, and white areas denote less than 50% sequence identity. Gene labels identify the locations

of genes on p7v.

TABLE 2 Presence of selected virulence genes carried on p7v in the
STEC/ETEC genomes

Presence of gene”:

Strain Phylogroup katP espP  ehxA astA

7v CL1 + + + + +

628591-2 CL1 + +

1.2741 CL1 - -

FE95160 CL1 - -

E807

1H53473

CFSAN026836

CFSANO026835

CVMN33742PS

CVMN33429PS

CFSANO026844

CFSAN026843

S1191

K88

UMNF18

2.3916

1H57218

E149

C165-02

3020-98 Bl - - - - +

MDP04-01392 Bl - - - - +

MDP04-02111 Bl - - - - +
+
+

|
+
|

Q
=
|
|

[
[
e e S S R

(SRl = e e e g

MI02-35 Bl - - - -
857226 Bl - - - -

“ +, gene was present in the strain; —, gene was not present in the strain.
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plasmids harbored in human ETEC strains were present in the
STEC/ETEC hybrid strains, even those isolated from humans.
However, the STEC/ETEC hybrid strain C165-02, isolated from a
human, harbors a plasmid carrying genes encoding the Typhi col-
onization factor (Tcf), which is present in the genomes of some
strictly human-adapted pathogens (48).

Heat-stable enterotoxin phylogeny. As noted in the plasmid
description, p7v carries two copies of sta. Furthermore, the sta
gene sequence on p7v is divergent from that of the sta gene se-
quences carried on plasmids in the reference human ETEC strains
H10407 (stal and sta2) and E24377A (sta3) (28, 33). To further
investigate the ST-encoding gene sequence differences, a phylog-
eny was constructed that included the sta and stb genes found in
the 24 STEC/ETEC hybrid strains along with representative sta
and stb sequences from ETEC strains submitted to GenBank (Fig.
4). The stal genes and the sta gene carried on p7v exhibit 96.4%
nucleotide sequence similarity, which is only slightly greater than
the 95.4% sequence similarity found in a comparison of sta2 and
sta3 sequences. Examination of the distance matrix from the sta
and stb phylogenetic analysis and defining an sta and stb sequence
similarity of less than 97% between different clusters in the phy-
logeny lead to the designation of six sta allele subtypes and two stb
allele subtypes (Fig. 4; see also Fig. S1 in the supplemental mate-
rial). In this scheme, the STa-encoding genes carried on p7v would
be considered a new allele subtype that we have designated sta4.
Utilizing the sta and stb phylogeny to assign allele subtypes to the
ST-encoding genes carried in the 24 STEC/ETEC hybrid strains
demonstrates that 16 of the hybrid genomes also contain the sta4
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allele type (Table 1). Another allele that is newly identified here,
sta5, is carried by six STEC/ETEC hybrid strains, including three
of the CL1 strains. Four additional strains carry both sta4 and sta5
(Table 1). Five of the STEC/ETEC hybrid strains possess an STb-
encoding allele, either alone or in combination with an STa-en-
coding gene. In addition, the results reveal a novel stb gene that is
carried by the STEC/ETEC hybrid strain C165-02 and designated
stb2 (Table 1; Fig. 4).

Shiga toxin allele subtypes present in STEC/ETEC hybrid
strains. Shiga toxin gene allele subtypes found in the STEC/ETEC
genomes were assigned based on BLASTn analyses, and the results
demonstrate that a variety of stx alleles are carried in the STEC/
EHEC hybrid strains (Table 1). Among only the CL1 strains, three
different stx subtypes are represented. The two CL1 strains that
exhibit the greatest core genome sequence similarity to p7v,
namely, 628591-2 and 1.2741 (Fig. 1), carry the stx,, allele, which
is found in the 7v genome. Thirteen strains possess an Stx1-en-
coding gene, and 13 possess an Stx2-encoding gene (two CL1
strains carry both stx, and stx, alleles). Despite the assortment of
stx subtypes found in the 24 STEC/ETEC hybrid strains, two
trends emerge. First, the four strains that harbor a plasmid encod-
ing STb1 also carry the stx,. gene in their genomes, and second, all
five STEC/ETEC hybrid strains that cluster in E. coli phylogroup
B1 possess the stx, . allele subtype.

DISCUSSION

The acquisition of additional virulence-associated genes may ren-
der an E. coli strain that is already considered pathogenic capable
of causing more severe illness. Many virulence genes are plasmid
encoded (1, 2); thus, it is important to characterize plasmids har-
bored in hybrid E. coli strains, as these plasmids may represent
mobile genetic elements that can create new combinations of vir-

ulence genes that may impact/affect the pathogenicity of existing
E. coli strains. The work presented here is the first report, to our
knowledge, of the sequencing and characterization of a complete
plasmid isolated from a STEC/ETEC hybrid strain. Plasmid p7v
was determined to carry the RepFIB and RepFII replicons as were
plasmids from 17 other STEC/ETEC hybrid strains included in
this study (Table 1) despite some of the plasmids having very low
sequence similarity with p7v. This is not unexpected considering
that this replicon combination is fairly commonly found on large
virulence plasmids harbored in E. coli (2). Sequence analysis re-
vealed many insertion (IS) elements scattered throughout p7v
(Fig. 2), and it has been suggested that the ancestral RepFIB/FIIA
plasmid backbone has acquired IS elements that have led to the
introduction of virulence genes (2). Therefore, it would not be
surprising to find many variations in RepFIB/FII plasmid gene
repertoires among STEC/ETEC hybrid strains considering that
ST-encoding genes are often found adjacent to IS elements. Even
the plasmids determined to be most similar in sequence to p7v,
namely, those harbored in STEC/ETEC CL1 strains 62859-2 and
1.2741 as well as the plasmid harbored in ETEC CL1 strain M863,
demonstrate variation in virulence gene repertoire (Tables 1 and
2; Fig. 3). Excluding ST's and CFs, of the five virulence genes spe-
cifically queried, strain 62859-2 and 1.2741 each possess three but
only carry one gene, eatA, in common. Potentially, multiple par-
allel genomic insertion/deletion events occurred in individual
STEC/ETEC hybrid CL1 strain plasmids subsequent to acquiring
an ancestral plasmid backbone. Alternatively, the combination of
plasmid factors from ETEC and STEC is advantageous, and the
recombination of these plasmids has likely occurred multiple
times in the context of the CL1 background.

A recent comprehensive study of ETEC phylogeny and evolu-
tion determined that, although ETEC strains can be found in most
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E. coli phylogroups, the majority are clustered in phylogroups A
and B1 (22). Additionally, ETEC strains clustering in the CL1
clade have been reported (25). LEE-negative STEC strains also
possess diverse core genome sequences (4); thus, it is not surpris-
ing to find that many of the STEC/ETEC hybrids are distributed in
several phylogroups (Fig. 1). The STEC/ETEC hybrid strains in
phylogroup B1 exhibit similarity in that they share core genome
sequence similarity, identical serotype, ST allele subtype, Shiga
toxin allele subtype, and even similar plasmid replicons (Table 1;
Fig. 1). This is despite having a variety of isolation sources, loca-
tions, and dates (Table 1). Interestingly, the two STEC/ETEC hy-
brid strains clustering in phylogroup D, E149 and C165-02, do not
share toxin or plasmid replicon profiles; rather, strain E149 shares
identical ST, Stx, and CF profiles with strain 2.3916, which clusters
in phylogroup A (Table 1; Fig. 1). Furthermore, strains E149 and
2.3916 share four out of five plasmid replicon sequences. While
STEC/ETEC hybrid strain CVMN33742PS does not harbor a plas-
mid similar to strain 7v, the two strains carry an stx,,-encoding
phage, the sta4 gene, and the K88 CF. These examples demon-
strate that acquisition of a particular ST-encoding plasmid is not
necessarily linked to a particular backbone sequence type, and
similar toxin and CF profiles are not necessarily indicators of sim-
ilar backbone sequences.

Although ETEC strains clustering with CL1 have been isolated
from sick children (25), none of the STEC/ETEC hybrid CL1
strains included in our study were isolated from human clinical
samples. However, multiple STEC/ETEC hybrid strains possess-
ing stx,, and sta have been isolated from patients with diarrhea,
fever, and abdominal pain (17). Two of the strains included in that
report have serotype O136:H16, the serotype of four of the strains
clustering in phylogroup A included in the present study. Inter-
estingly, our O136:H16 strains (CVMN33742PS, CVMN33429PS,
CFSAN026844, and CFSAN026843) carry the K88 CF, which is
considered to be specific for porcine infection (2, 7). In fact, none
of the strains in the present study that possess either the K88 or
F18 CF were isolated from human clinical samples (Tables 1 and
2). Sequence analysis determined that none of the five clinical
isolates harbor a known ETEC CF, but strain C165-02 does pos-
sess Tcf, which is thought to be a human-specific colonization
factor (48). In addition, the HUS-causing strain [H53473 carries
the LEE pathogenicity island, which encodes the intimin adhesin.
ETEC strains that are negative for known CFs have been isolated
from clinical samples and may possess unidentified new human-
specific CFs (22), which may also be the case for STEC/ETEC
human isolates. Virulence of a strain may be partially determined
by the ability of the strain to adhere to the human intestine. Con-
sidering that several of the hybrid STEC/ETEC CL1 strains carry
known virulence genes in addition to Stx and ST (Table 2), they
may have the potential to cause disease in humans if they are able
to, or acquire the ability to, adhere to the human intestine.

Another factor that is often considered to affect virulence is the
Shiga toxin allele subtype encoded in the genome. The subtypes
linked with serious human disease are stx,,, stx,,, stx,., and stx,4
(49). Two of the STEC/ETEC hybrid strains isolated from humans
exhibiting illness, IH53473 and IH57218, express Stx2a, and an-
other, C165-02, expresses Stx2d (Table 1). Interestingly, the re-
maining two clinical isolates, 3020-98 and MI102-35, one of which
was isolated from a patient exhibiting bloody diarrhea, carry the
stx, . subtype, which is rarely isolated from humans and is typically
linked to mild disease when it is isolated from humans (49). These
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two strains reportedly express Stx1 but not ST (12). The clinical
isolate IH53473 was also shown to express Stx but not ST, while
strain IH57218 is reported to produce Stx and STa (19). Prager et
al. also identified two STEC/ETEC hybrid clinical isolates express-
ing Stx and ST (17). In contrast to the STEC/ETEC hybrid strains
isolated from humans included in the present study, where ST
may not play much of a role in the pathogenicity of the bacteria,
human clinical STEC/ETEC hybrids expressing STa, but not Stx,
have been reported (17). Like STEC/ETEC hybrid strain 7v, these
strains express Stx2g; however, strain 7v does express Stx2g albeit
at low levels (4, 17). Strain 7v is reported to express ST (17), and
our sequence analysis of p7v combined with sta and stb phylogeny
results demonstrates that p7v carries two STa4-encoding genes.
ETEC and STEC/ETEC hybrid strains that carry more than one
gene encoding ST have been reported (13, 18, 20, 28), and our
results demonstrate that 7 of the 24 STEC/ETEC hybrid strains
included in the present study possess two ST-encoding genes. In-
terestingly, strains 2.3916 and E149 possess an STb-encoding al-
lele variant, stbl, as well as an STa-encoding allele variant, stal.
While the Stx2e that they encode is not linked to serious human
disease (49), STal is encoded on a plasmid harbored in the human
ETEC reference strain H10407 (28). ETEC strains that possess stb
have been primarily isolated from animals, particularly pigs, but
have been infrequently isolated from human clinical samples (5,
6). However, it is not clear that STb is a contributing factor to the
illness caused by the strains isolated from humans, such as strain
C165-02 in this study, which also expresses stx, 4 at a low level (4).

In conclusion, sequence analysis of the large virulence plasmid,
p7v, thatis harbored in hybrid STEC/ETEC CL1 strain 7v revealed
that p7v is itself hybrid in nature, as it encodes both putative
STEC-associated and ETEC-associated virulence factors. Core ge-
nome phylogenetic analysis of a set of 24 STEC/ETEC hybrid
strains, in conjunction with a plasmid-encoded virulence gene,
CF, and plasmid replicon analysis, highlights the diversity of these
strains, and this study demonstrates how the mobility of plasmid-
associated virulence genes, irrespective of core genome sequence,
has resulted in the creation of STEC/ETEC hybrid strains in mul-
tiple parallel events. STEC/ETEC hybrid strains have been isolated
from human clinical samples and from a variety of other sources,
including food; thus, they may represent an emerging threat as a
food-borne pathogen. Walk has suggested that the recent emer-
gence in humans of ETEC strains belonging to a subset of CL1 may
be due to their ability to cause disease (25). This reasoning may be
extended to the STEC/ETEC hybrid strains, yet it may also be
possible that, in some cases, multiple virulence factors that define
the E. coli pathotypes were not queried for in a single isolate. Po-
tentially, as more clinical isolates are sequenced and thus allow
differentiation between the E. coli species and Escherichia CL1,
STEC/ETEC hybrid CL1 strains that cause disease in humans may
be identified. The results of this study, which demonstrates the
lack of both the LEE pathogenicity island and typical human-
specific ETEC CFs in the majority of the clinical STEC/ETEC hy-
brid strains, emphasize the need to further explore the adherence
of these strains to the human intestine.
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