
The Accessory Genome of Shiga Toxin-Producing Escherichia coli
Defines a Persistent Colonization Type in Cattle

Stefanie A. Barth,a Christian Menge,a Inga Eichhorn,b Torsten Semmler,b,c Lothar H. Wieler,b,c Derek Pickard,d Ariane Belka,e

Christian Berens,a Lutz Geuea

Friedrich-Loeffler-Institut/Federal Research Institute for Animal Health, Institute of Molecular Pathogenesis, Jena, Germanya; Free University Berlin, Institute of
Microbiology and Epizootics, Berlin, Germanyb; Robert Koch Institute, Berlin, Germanyc; The Wellcome Trust Sanger Institute, The Wellcome Trust Genome Campus,
Hinxton, Cambridge, United Kingdomd; Friedrich-Loeffler-Institut/Federal Research Institute for Animal Health, Institute of Diagnostic Virology, Greifswald-Insel Riems,
Germanye

ABSTRACT

Shiga toxin-producing Escherichia coli (STEC) strains can colonize cattle for several months and may, thus, serve as gene reser-
voirs for the genesis of highly virulent zoonotic enterohemorrhagic E. coli (EHEC). Attempts to reduce the human risk for ac-
quiring EHEC infections should include strategies to control such STEC strains persisting in cattle. We therefore aimed to iden-
tify genetic patterns associated with the STEC colonization type in the bovine host. We included 88 persistent colonizing STEC
(STECper) (shedding for >4 months) and 74 sporadically colonizing STEC (STECspo) (shedding for <2 months) isolates from
cattle and 16 bovine STEC isolates with unknown colonization types. Genoserotypes and multilocus sequence types (MLSTs)
were determined, and the isolates were probed with a DNA microarray for virulence-associated genes (VAGs). All STECper iso-
lates belonged to only four genoserotypes (O26:H11, O156:H25, O165:H25, O182:H25), which formed three genetic clusters
(ST21/396/1705, ST300/688, ST119). In contrast, STECspo isolates were scattered among 28 genoserotypes and 30 MLSTs, with
O157:H7 (ST11) and O6:H49 (ST1079) being the most prevalent. The microarray analysis identified 139 unique gene patterns
that clustered with the genoserotypes and MLSTs of the strains. While the STECper isolates possessed heterogeneous phyloge-
netic backgrounds, the accessory genome clustered these isolates together, separating them from the STECspo isolates. Given the
vast genetic heterogeneity of bovine STEC strains, defining the genetic patterns distinguishing STECper from STECspo isolates
will facilitate the targeted design of new intervention strategies to counteract these zoonotic pathogens at the farm level.

IMPORTANCE

Ruminants, especially cattle, are sources of food-borne infections by Shiga toxin-producing Escherichia coli (STEC) in humans.
Some STEC strains persist in cattle for longer periods of time, while others are detected only sporadically. Persisting strains can
serve as gene reservoirs that supply E. coli with virulence factors, thereby generating new outbreak strains. Attempts to reduce
the human risk for acquiring STEC infections should therefore include strategies to control such persisting STEC strains. By
analyzing representative genes of their core and accessory genomes, we show that bovine STEC with a persistent colonization
type emerged independently from sporadically colonizing isolates and evolved in parallel evolutionary branches. However, per-
sistent colonizing strains share similar sets of accessory genes. Defining the genetic patterns that distinguish persistent from spo-
radically colonizing STEC isolates will facilitate the targeted design of new intervention strategies to counteract these zoonotic
pathogens at the farm level.

Shiga toxin-producing Escherichia coli (STEC) and especially
enterohemorrhagic Escherichia coli (EHEC), a subset of STEC

strains, cause disease in humans, ranging from mild to bloody
diarrhea, hemorrhagic colitis (HC), or even hemolytic uremic
syndrome (HUS) (1). STEC strains are zoonotic bacteria. The
main reservoirs for STEC isolates associated with human disease
are ruminants, in particular cattle, in which they only very rarely
elicit clinical symptoms (2, 3). Most human cases are sporadic, but
large outbreaks also occur. Although human STEC infections are
often associated with the consumption of contaminated food
(e.g., ground beef, cider, raw milk, sprouts, and lettuce) or water,
they can also be caused by person-to-person transmission or by
contact with shedding livestock (4). STEC strains from human
outbreaks that can be traced epidemiologically back to cattle are
only detected sporadically in the suspected source animals (5).
This might be due to the delay in initiating epidemiological inves-
tigations because of the time interval between infection and the
onset of severe clinical symptoms in patients, the very low infec-

tious dose of only 10 to 100 bacteria that requires a low contami-
nation rate of the respective vector, the heterogeneity of STEC
strains within the animal reservoir that hampers detection of the
implicated clone at the source, or simply the geographical distance
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between breeding, raising, and fattening of animals, food produc-
tion, and food consumption (6–8).

More than 400 different STEC serotypes have been described
to date (9). Nevertheless, most human infections are associated
with only a few serotypes containing the O antigens O26, O45,
O103, O111, O121, O145, and O157 (10) with some country-
specific variations in the principal serotypes (11). Therefore, most
research concerning the prevalence of STEC in reservoir animals
focuses on these serotypes. In the United States, Canada, and the
United Kingdom, studies describing the occurrence of O157:H7
in cattle were conducted (12, 13), but in continental European
countries only few data on the duration of bovine shedding of
STEC O26, O103, O111, O145, or O157 exist (14–17). Interest-
ingly, a longitudinal study measuring the occurrence of STEC in
cattle performed by Geue and colleagues showed that other sero-
types dominate the intestinal STEC microbiota (18). These in-
cluded isolates with the serotypes O156:H25/H�/Hnt (19), O165:
H25 (20), and O26:H11 (21). Some of these serotypes have been
linked to severe human HUS cases (e.g., O165:H25 or O26:H11),
but other serotypes have not appeared in this context until now
(e.g., O156:H25). The isolation of the latter from diarrheic or
asymptomatic humans has only been reported sporadically (22–
24). Geue et al. (18) did identify O157:H7/H� STEC among the
isolates from the herds, but in lower numbers than the serotypes
mentioned above, e.g., only once in one animal in one of the tested
herds in contrast to O165:H25 STEC, which was isolated repeat-
edly in the same herd from 8 different cattle over a 12-month
period (20).

E. coli has not only high serotype diversity but also high ge-
nome plasticity. About 1,200 genes define its conserved core ge-
nome, but the pan-genome contains more than 13,000 gene fam-
ilies, and the number is still growing (25–27). In STEC, this is in
part due to several major virulence factors being located on trans-
missible genetic elements like plasmids, pathogenicity islands, or
bacteriophages. For instance, the Shiga toxin gene stx is encoded
by a bacteriophage and eae (encoding the adhesion factor intimin)
is part of the LEE (locus of enterocyte effacement) pathogenicity
island (28, 29). The severe O104:H4 outbreak in Germany in 2011
dramatically underscored the flexibility and adaptability of the
STEC pathovar as it was caused by a newly evolved hybrid strain
combining virulence properties of both EHEC and enteroaggre-
gative E. coli (EAEC) (30). Recently, Eichhorn and colleagues
showed that some atypical enteropathogenic E. coli (aEPEC) and
EHEC isolates share the same phylogeny and termed the aEPEC
isolates post- or pre-EHEC (31). Horizontal gene transfer con-
stantly lets new STEC and EHEC strains with unforeseeable risk
potential for humans arise. Consequently, STEC clones persisting
in animals or farms over long time periods, which are equipped
with certain sets of virulence and virulence-associated genes
(VAGs), might serve as gene reservoirs for the evolution of such
new strains. Thus, attempts to reduce the human risk for acquir-
ing EHEC infections should also include strategies to control
STEC isolates that persist in cattle. Colonization and persistence
of STEC in the bovine host is modulated by the expression of Stx,
which is also the only virulence factor common to all STEC (32).
The persistence of distinct EHEC subpopulations (e.g., O157:H7)
was also shown to correlate with colonization properties and, e.g.,
with the presence of the large EHEC virulence plasmid or of long
polar fimbriae (33, 34). However, not all STEC strains persist in
cattle (18). Therefore, we conducted this study to validate our

hypothesis that bacterial persistence is not connected to one single
bacterial factor but rather to a combination of traits. We therefore
focused our research on combining the analyses of genes repre-
senting the core genome [serotype-related genes and housekeep-
ing genes (multilocus sequence type [MLST] analysis)] with those
of virulence-associated genes representing the accessory genome
and thus enabling the identification of differentiating markers by
analyzing STEC isolates that were either persistent colonizers or
only sporadically found in cattle.

MATERIALS AND METHODS
Bacterial isolates and DNA preparation. A longitudinal study monitor-
ing the prevalence of fecal STEC had sampled 136 cattle from 4 different
farms in northeast Germany. To this end, cattle from three beef farms
were tested at intervals of approximately 2 to 4 weeks from birth to slaugh-
ter. One additional heifer group was tested likewise but with an interrup-
tion during pastoral feeding in the summer (18). Briefly, after DNA hy-
bridization, 6,245 stx-positive isolates were subcultured and tested by
colony hybridization for additional markers (stx1, stx2, eae, ehxA, katP,
and espP). According to their virulence gene pattern (positive for stx1

and/or stx2 and at least one additional marker), isolates were submitted to
a slide agglutination assay with antisera to differentiate between 43 O
antigens (Denka Seiken, Japan; obtained from LD Labor Diagnostika
GmbH, Heiden, Germany). Selected isolates positive for stx1 and/or stx2

in combination with eae and ehxA were submitted to the National Refer-
ence Centre for Enteric Pathogens (Hygiene Institut, Hamburg, Ger-
many) or the National Reference Centre for Salmonella and other Bacte-
rial Enterics (Robert-Koch-Institute, Wernigerode, Germany) for
complete serotyping. Isolates belonging to O-antigen groups O26, O103,
O156, O157, and O165 and rough forms were genotyped by contour-
clamped homogeneous electric field-pulsed-field gel electrophoresis
(CHEF-PAGE) (18–21). Sixteen STEC isolates obtained from sampling a
cohort of calves in a different study and randomly selected for further
genetic characterization were included in the current study as controls
with an undefined colonization pattern (35).

Genomic DNA of the E. coli isolates was prepared using the ZR fungal/
bacterial DNA kit (Zymo Research Europe GmbH, Freiburg, Germany)
from overnight cultures in Luria-Bertani (LB) broth, following the in-
structions of the manufacturer. The DNA concentration was determined
spectrophotometrically at 260 nm and analyzed for fragmentation by 1%
Tris-borate-EDTA (TBE) agarose gel electrophoresis.

Whole-genome sequencing. Whole-genome sequencing (WGS) of
the isolates was performed using Illumina MiSeq 300-bp paired-end
sequencing with �40� coverage. The sequence read data were first sub-
jected to quality control using the NGS tool kit (36). Reads with a mini-
mum of 70% of bases having a Phred score of �20 were defined as high-
quality reads. De novo assembly of the resulting high-quality filtered reads
into contiguous sequences (contigs and scaffolds) was performed using
CLC Genomics Workbench 8.0 (CLC bio, Aarhus, Denmark).

MLST analysis. The gene sequences for adk, fumC, gyrB, icd, mdh,
purA, and recA were extracted from the WGS scaffolds for MLST analysis.
If the corresponding DNA sequences were incomplete or missing, Sanger
sequencing (LGC Standards GmbH, Wesel, Germany) was performed
according to the protocol of Wirth et al. (37). Subsequently, the sequence
type (ST) and ST complex (STC) were determined by using the MLST
Database from Warwick University (http://mlst.warwick.ac.uk/mlst/dbs
/Ecoli). BioNumerics (version 6.6; Applied Maths, Sint-Martens-Latem,
Belgium) was used to create minimum spanning trees.

Genoserotyping. To determine the serotype of an isolate, its wzx and
wxy genes and an in silico PCR fragment using primers fliC-1 (5=-CAAG
TCATTAATACMAACAGCC-3=) and fliC-2 (5=-GACATRTTRGAVACT
TCSGT-3=) (38) were extracted from the WGS scaffolds and subjected to
a BLAST search against the gene sequences proposed by Iguchi et al. (39)
and Wang et al. (40) using Geneious (version 8.1.3; Biomatters Ltd.,
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Auckland, New Zealand). The databases included 184 O and 43 H anti-
gens, respectively.

All isolates were additionally submitted to the SeroTypeFinder of the
Center for Genomic Epidemiology of the Technical University of Den-
mark, Lyngby, Denmark, with a selected percent identity (ID) threshold
of 85% and minimum length of 60% (www.genomicepidemiology.org)
(41).

BLAST search of DNA sequences within WGS scaffolds. Specific
genes or DNA fragments within the WGS scaffolds were identified with
the Geneious mapper using the initial DNA sequence as the reference
sequence, and then the contigs of the WGS scaffolds were mapped to the
reference sequence.

DNA microarray analysis. Miniaturized E. coli oligonucleotide arrays
(ArrayStrip E.coli-gesamt-AS-2; Alere Technologies GmbH, Jena, Ger-
many) (42–44) were applied. Normalized signal intensities (minus back-
ground) or a positive (signal intensity of �0.3) or negative (�0.3) result
for each probe was used (IconoClust, version 4.3r0; Alere Technologies
GmbH). The DNA probes and the results for each STEC isolate are shown
in data set S1 in the supplemental material.

Statistical analysis. To identify significant differences between groups
of isolates in the occurrence of specific genes detected by microarray,
either �2 or Kruskal-Wallis tests were performed (IBM SPSS Statistics,
version 19; IBM Corporation, New York, NY, USA). To identify clusters
within gene patterns, R (version 3.2.1) was chosen with application of the
cluster package (version 2.0.3) (45, 46). From this package, the hierarchi-
cal method, agglomerative nesting (AGNES), was used as no number of
clusters (k) is required as input. Besides the tree-like output, the agglom-
erative coefficient (AC) was calculated by AGNES as a quality measure
(47).

RESULTS AND DISCUSSION

Out of the 6,245 stx-positive isolates from the study of Geue et al.
(18), 162 representative isolates were selected based on their O
antigens and possession of the genes stx1, stx2, eae, and/or ehxA.
Clones suspected to have been shed by a single animal or circulat-
ing within a herd for at least 4 months were defined as persistent
colonization type (STECper), whereas isolates detected either �2
months (two successive sampling time points) and/or occasion-
ally with at least a 4-month gap in detection were considered spo-
radically occurring (STECspo), resulting in 77 STECper and 85
STECspo isolates. Additionally, 16 isolates obtained from calves
during a 6-month monitoring study (35) were used as unrelated
controls, resulting in a total of 178 STEC isolates in the study.

Core genome and STEC colonization type. For confirmation
and completion of previous serotyping by Geue et al. (18), the
wzx, wzy, and fliC genes were identified in the WGS scaffolds of
170 of 178 isolates (95.5%) (Table 1). This approach identified the
O and H antigens in the vast majority of isolates. In only eight
isolates the O antigen (ONT) and in one isolate the H antigen
(HNT) was not identifiable. To determine the O antigens in the
ONT isolates, the whole O-antigen biosynthesis gene cluster was
selected by searching for the O cluster flanked by the galF and gnd
genes in the WGS scaffolds (39). Both genes were detected within
the same WGS scaffold in 7 of the 8 ONT isolates. A BLAST search
of these 7 DNA fragments from galF to gnd against the NCBI
nucleotide collection database yielded matches with �96% iden-
tity. Two sequences matched with 99% identity to the O-cluster
operon of strain ECC-1470, a persistent bovine mastitis isolate of
serotype Ont:Hnt (GenBank accession number CP010344), four
sequences matched with 96 to 99% identity to O19 (accession no.
CP000970), and one DNA fragment did not yield sufficient data
(coverage of �41%). In the one HNT isolate, neither the fliC am-

plicon nor flkA, fllA, flmA, or flnA was found within the WGS
scaffold. Analysis with SeroTypeFinder (41) proposed the O anti-
gen O8 (99.6% identity for wzm; 99.7% identity for wzt) for one of
the ONT isolates. In the remaining 7 ONT isolates, the search for O
antigens did not give a result within the WGS scaffolds. The miss-
ing H antigen was also not identifiable with SeroTypeFinder.
Comparing our own genoserotyping results with those obtained
from SeroTypeFinder, we found two discrepancies concerning H-
antigen identification: two isolates possessed fliC for antigen H2,
and each isolate possessed one additional flkA flagellin gene (H35
and H47, respectively). Phenotypically, these double-positive iso-
lates normally express the non-fliC genes (41), and, therefore, the
genoserotypes of two flkA-positive isolates were corrected to the H
antigen encoded by the flkA genes.

Fitting the genoserotype data to the epidemiological metadata
of the isolates necessitated a regrouping of 21 isolates. Sixteen
O182:H25 isolates were moved from STECspo to STECper as they
had been isolated over a long time period in three of the farms
tested but had not been identified by serotyping because they were
originally not typeable. Five O156:H8 isolates were recategorized
in the opposite direction as they had been erroneously grouped
with the O156:H25 isolates into the O156 group within the
STECper isolates. After consolidation, 88 STECper and 74 STECspo

clones were available for further analysis.
All STECper isolates belonged to only four genoserotypes (O26:

H11, O156:H25, O165:H25, O182:H25), while STECspo isolates
were scattered between 28 genoserotypes with O157:H7 being the
most prevalent followed by O6:H49 (Table 1). Five O antigens
were detected in combination with different H antigens (O8:H21/
HNT, O156:H8/H25, O157:H7/H12, O174:H21/H40, O177:H11/
H25). The O-cluster encoding regions, flanked by galF and gnd, of
the three genoserotypes exhibiting ONT were highly heteroge-
neous (identity of �46.12%) and therefore declared to be individ-
ual ONT types. Most isolates (n � 75, 42.1%) possessed a fliC gene
encoding the H25 flagellin. Of these, 60 isolates (80.0%) belonged
to STECper (O156, O165, O182), 14 (18.6%) to STECspo (O51,
O172, O177, ONT), and one to the unrelated calf isolates (O177).
The second most frequently found gene was fliC encoding H2 (15
isolates, 8.4%), but this flagellin gene was exclusively found in
isolates with sporadic or unknown colonization types (O35, O84,
O103, O112, O128, O150, O171, ONT). It has been reported that
some cattle excrete O157:H7 STEC only for short time periods
(48), that the O157:H7 STEC prevalence varies from herd to herd
(49), and that the duration and amount of fecal shedding are iso-
late dependent (12). However, most data available are taken as
evidence that O157:H7 STEC isolates persistently colonize cattle
(12, 50). It was, therefore, unexpected that the O157:H7 isolates in
our study had to be classified as STECspo. Experimental data show
that O157:H7 is detectable in the feces of 100-day-old calves for at
least 28 days after having been infected orally with 1010 CFU/dose
on 3 consecutive days (51). This was considered persistent colo-
nization because shedding was significantly longer than shedding
of an apathogenic O43:H28 isolate in the same study (12 days
postinfection [dpi]). We applied a more stringent definition of
persistence based on field data rather than on experimental data,
requiring fecal detection of the clone for at least 4 months. Exper-
imental infection studies are indispensable for unveiling molecu-
lar mechanisms of colonization. However, only shedding curves
can be a surrogate for the duration of shedding that occurs after
low but repeated exposure of cattle to certain STEC clones under
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conditions of agricultural husbandry practices. In our study, clas-
sical serotyping did not allow correct classification of all isolates as
STECper and STECspo, because some O antigens (e.g., O182) were
not detected by the antisera. Even after genoserotyping had re-
sulted in a regrouping of several isolates, serotypes did not distin-
guish STECper from STECspo as O156, H11, and H25 were present
in both groups. Consequently, a more complex genetic pattern
appears to be associated with the risk for certain STEC clones to be
shed for extended periods of time. This can only be identified
when the definition of the colonization pattern is based on epide-
miological data, an approach adopted in this study.

For a closer look at the core genome of the isolates we used the

MLST scheme according to Wirth et al. (37) and annotated the
178 isolates to 36 known and 2 new sequence types. Most preva-
lent were the sequence types ST300, ST119, ST11, and ST21 with
32, 22, 18, and 16 isolates, respectively (Table 1). The majority of
the sequence types (23/36) could not be assigned to an ST complex
(STC). Of the nine different ST complexes identified, STC11 and
STC29 included the most isolates (18 and 29, respectively).

Similar to the genoserotyping results, all STECper isolates be-
longed to a limited number of sequence types (ST21, ST119,
ST300, ST396, ST688, ST1705), whereas the STECspo isolates were
represented by 30 different sequence types (Table 1). After com-
bining genoserotypes and sequence types, STECper isolates formed

TABLE 1 Occurrence of genoserotypes and MLSTs in bovine STEC according to the colonization type of the isolate

Genoserotypea

No. of STEC isolates per colonization type
MLST result (no. of isolates if more than one
type or STC)b

Persistent Sporadic Not known ST STC

O6:H49 0 9 0 1079 None
O8:H21 0 0 2 1794 None
O8:HNT

c 0 1 0 155 155
O13:H11 0 2 0 10 10
O26:H11 28 0 0 21 (16), 396 (3), 1705 (9) 29
O32:H36 0 1 0 181 168
O35:H2 0 2 0 5266 None
O37:H4 0 3 0 398 398
O51:H25 0 1 0 2325 None
O59:H23 0 1 0 224 None
O84:H2 0 2 1 306 None
O103:H2 0 2 3 17 20
O112:H35(H2)d 0 0 1 Unknown None
O113:H21 0 1 0 223 155
O118/O151:H16e 0 0 1 445 29
O128:H47(H2)f 0 1 0 1147 None
O134:H21 0 1 0 345 None
O136:H12 0 1 0 329 None
O145:H28 0 1 0 32 32
O150:H2 0 0 2 306 None
O156:H8 0 5 0 327 None
O156:H25 22 0 0 300 (16), 668 (6) None
O157:H7 0 18 0 11 11
O157:H12 0 1 0 10 10
O159:H45 0 1 0 101 101
O165:H25 22 0 0 119 None
O171:H2 0 1 0 332 None
O172:H25 0 4 0 660 None
O174:H21 0 0 5 677 None
O174:H40 0 1 0 Unknown None
O177:H11 0 1 0 765 None
O177:H25 0 5 1 342 (5), 659 (1) None
O182:H25 16 0 0 300 None
O185:H28 0 1 0 658 None
ONT:H2g,h 0 2 0 847 None
ONT:H7c 0 1 0 1308 None
ONT:H25c,h 0 4 0 58 155
Total 88 74 16 NA NA
a NT, nontypeable.
b ST, sequence type; STC, ST complex; Unknown, ST not assigned in the Warwick database; NA, not applicable.
c O (and H) antigen predicted by SeroTypeFinder.
d Isolate possesses fliC2 and flkA35.
e O118 and O151 not distinguishable by wzx and wzy.
f Isolate possesses fliC2 and flkA47.
g Complete O cluster matched Ont cluster in PubMed entry CP010344.
h Complete O cluster matched O19 cluster in PubMed entry CP000970.
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three discrete and independent clusters within the minimum
spanning tree (MST) (Fig. 1). While all O165:H25 isolates pos-
sessed the identical sequence type 119, the O156:H25 isolates were
allocated to the types ST300 and ST688, which differ by only one
nucleotide in the purA gene. ST300 additionally contained all
O182:H25 isolates. The O26:H11 isolates belonged to three se-
quence types (ST21, ST396, ST1705), differing with only one nu-
cleotide each in up to three alleles (adk, gyrB, purA) and were
therefore grouped in the ST complex STC29. In the STECspo

group, the O157:H7 isolates formed a single ST11 cluster, and the
O6:H49 isolates clustered in ST1079. The remaining STECspo

clones varied strikingly in their MLST allocation. Remarkably,

neither a sequence type nor any ST complex contained both
STECper and STECspo isolates. However, there were also no dis-
tinct groups containing either STECper or STECspo sequence types
as we identified sequence types containing isolates of either colo-
nization type, which were often closely related and might form a
distinct ST cluster (ST119/ST600, ST21/ST765, ST300/ST688/
ST306). The STECper-containing clusters are widely separated
within the MST, suggesting that they evolved independently in
parallel evolutionary branches by emerging from sporadically col-
onizing isolates.

VAGs and VAG variants (DNA microarray analysis). Since
the tested markers representing the core genome did not distin-

FIG 1 Minimum spanning tree based on MLST data indicating known sequence types (ST) and ST complexes (STC) of 178 bovine E. coli isolates The
MLST classification is based on the nucleotide sequences of the genes adk, fumC, gyrB, icd, mdh, purA, and recA and the clonal complexes (shaded in gray)
are named analogous to the MLST Database from Warwick University (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli). BioNumerics version 6.6, minimum
spanning tree of categorical character data. Each circle represents a single ST and each section of a circle a single isolate corresponding to the indicated ST.
The number of different alleles between two STs is depicted by different types of lines: thick black line, 1-allele difference; thin black line, 2-allele
difference; thin gray line, 3-allele difference; dashed gray line, 4-allele difference; dotted gray line, �4-allele difference (numbers of different alleles are
indicated by numbers within the lines).
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guish clearly between STECper and STECspo isolates, we deter-
mined parts of the accessory genome of the isolates. The accessory
genome is variable, often encoded on mobile elements and con-
tains genes that are not present in all E. coli strains (52). Therefore,
this part comprises mainly genes that are dispensable for bacterial
survival within their normal host but promote fitness, virulence,
the conquest of new niches, or resilience to adverse conditions.
We analyzed the isolates using a DNA microarray that detects,
among others, known E. coli VAGs and VAG variants. Of 127 VAG
probes, 71 (55.9%) hybridized with the DNA of at least one of the
isolates. Based on the presence or absence of those 71 VAG and
VAG variants, the array identified 139 unique VAG patterns with

1 through 6 members (Fig. 2). By far the most patterns (115)
contained only a single member and another 14 only two mem-
bers, in line with the genome flexibility of E. coli. Only one of the
patterns detected included both persistent (1� O165:H25, ST119)
and sporadic (2� O172:H25, ST660) isolates, all belonging to
closely related MLSTs with only one single nucleotide variation.

After building an MST based on the binary data of the presence
of VAGs and VAG variants, it was obvious that the VAG pattern
correlated with both genoserotype and MLST (Fig. 2). The center
of the MST consisted of five ST17 STECspo isolates, all belonging
to the O103:H2 genoserotype, from which three main branches
emerged. One branch contained only STECspo isolates and isolates

FIG 2 Minimum spanning tree demonstrating the correlation between VAG pattern and MLST sequence type of 178 bovine E. coli isolates. Results of the
microarray analysis. BioNumerics version 6.6, minimum spanning tree of binary character data. Each circle represents a single VAG pattern and each section of
a circle a single isolate with the respective VAG pattern. The number of differing genes between two patterns is depicted by different types of lines: thick black line,
1-gene difference; thin black line, 2-gene difference; thin gray line, 3-gene difference; dashed gray line, 4-gene difference; dotted gray line, �4-gene difference
(numbers of different genes are indicated by numbers within the lines). per-I to per-III, three clusters with predominantly persistent STEC isolates (STECper);
spo-I to spo-III, three clusters with predominantly sporadic colonizing STEC isolates (STECspo).
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with an unknown colonization type (spo-II). The second branch
included the cluster per-I with O26:H11 STECper predominating
and, connected to per-I, the STECspo cluster spo-III. The third
branch comprised mainly STECper isolates with the cluster per-II
(O165:H25) and the interconnected cluster per-III (O156:H25/
O182:H25), before this third branch ended in the cluster spo-I
containing mainly O157:H7 STECspo isolates. Four VAG patterns
included STECspo isolates belonging to two or three different se-
quence types. Three of these VAG patterns in cluster spo-II were
characterized by a significantly lower number of detected VAGs
and/or VAG variants (n � �3), as other VAG patterns possessed
up to 40 VAGs and/or VAG variants. One VAG pattern in cluster
per-II included isolates from the closely related sequence types
ST119 and ST660. Only STECspo isolates belonging to sequence
types ST10, ST398, and ST1079 possessed unrelated VAG patterns
in different clusters. While some isolates of the sequence types
ST10 and ST1079 clustered with isolates of the genoserotype
O156:H25 (cluster per-III), other ST10/ST1079 isolates were
found in the big cluster spo-II containing STECspo, and one addi-
tional ST1079 isolate grouped with the O165:H25 isolates in clus-
ter per-II. The three ST398 isolates were scattered among the clus-
ters spo-II and spo-III. The origin of the isolates from only four
different herds did not dominantly affect the presence of the VAGs
because isolates of the control group belonging to sequence types
ST10 and ST306 exhibited VAG patterns highly similar to those of
the STECspo ST10 and ST306 isolates. The differentiation and
composition of the main clusters were also confirmed by the hi-
erarchical cluster analysis tool AGNES with an AC of 0.79, indi-
cating that the clusters are strongly supported (see Fig. S1 in the
supplemental material).

In a comparison of one representative isolate for each VAG
pattern from the 139 isolates, the VAG and VAG variant genes
most often detected were hemL (glutamate-1-semialdehyde ami-
notransferase, n � 130), eae (4 variants of intimin, n � 107
through n � 118), nleB (non-LEE-encoded effector protein B, n �
112), nleA (4 variants of the non-LEE-encoded effector protein A,
n � 100 through n � 111), lpfA (major subunit of long polar
fimbriae, n � 102), astA (heat-stable enterotoxin EAST1, n � 96),
hlyA (ehxA, EHEC hemolysin, n � 89), nleC (non-LEE-encoded
effector protein C, n � 87), and tccP (Tir-cytoskeleton coupling
protein, n � 85). A substantial number of isolates tested negative
for stx1 and stx2 (Shiga toxins 1 and 2, respectively), although all of
them had been initially selected as STEC. Loss of the bacterio-
phage occurred more often in some genoserotypes (O156:H8
[5 stx-negative of 5 isolates under study], O6:H49 [5/9], O157:H7
[3/18], O26:H11 [4/28], O165:H25 [2/22]), while other genosero-
types did not lose it at all (e.g., O156:H25, O172:H25, O182:H25).
The loss of stx-encoding bacteriophages during in vitro cultivation
has already been described by several authors, especially for O26
STEC (53–57). However, it was interesting to note that STECspo

isolates were more often affected by bacteriophage loss than
STECper isolates. This loss had occurred in 6 of 86 STECper (7.0%)
and 29 of 76 STECspo (38.2%) isolates. The gene encoding Stx1
was significantly more abundant in STECper isolates, while most
STECspo isolates harbored stx2. Free Stx2 phages are much more
frequent in the environment (68% of the tested samples) than
Stx1 phages (8%) (58), implying that the former are either less
stably integrated in the E. coli genome or more mobile or their
binding receptors are present only on a smaller number of envi-
ronmental bacteria.

Persistent STEC isolates belonging to the O26:H11 cluster pos-
sessed between 23 and 33 genes for VAGs and/or VAG variants:
isolates of the O156:H25/O182:H25 cluster between 16 and 29 and
isolates of the O165:H25 cluster between 12 and 35 genes. Among
the STECspo isolates, 22 to 40 genes for VAGs and/or VAG
variants were detected in the O157:H7 cluster, while the next
bigger group of STECspo isolates (O6 isolates, n � 9) contained
only 3 to 20 genes. A comparison of the mean number of genes for
VAGs and/or VAG variants in the different groups of isolates
made it obvious that O157 STECspo isolates had significantly more
VAGs per isolate than O156:H25/O182:H25 STECper isolates, the
isolates of the STECspo group with several antigens, and the calf
isolates with unknown colonization types (P � 0.001; Kruskal-
Wallis post hoc Scheffé test). For a set of human STEC isolates, the
results of the microarray analysis were published by de Boer et al.
(59). The numbers of VAGs and/or VAG variants in their O26:
H11 (29 to 35 genes), O157:H7 (32 genes), O165:NM (33 genes),
and O182:H25 (25 to 27 genes) isolates match ours, indicating
that the numbers of VAGs and/or VAG variants seem to be sero-
type specific.

A comparison of 130 isolates with known colonization types,
with one isolate representing each VAG pattern, revealed that
STECper (n � 71) isolates possessed significantly more often genes
encoding, among others, factors involved in adherence (eae, efa-
1/lifA [EHEC factor for adherence], lpfA, tccP), effector proteins
from a type III secretion system (T3SS) (espB, espJ), non-LEE en-
coded effectors (nleA, nleB, nleC), and Shiga toxin type 1 (�2, P �
0.05) (Fig. 3). In contrast, STECspo isolates (n � 59) encoded more
often Shiga toxin type 2 or ToxB, a protein involved in adherence.
Interestingly for the genes tir (translocated intimin receptor) and
the T3SS proteins espA and espF, the predominance was variant
dependent, e.g., for tir the variant tirO103:H2 (corresponding to
tir-�1 according to Garrido et al. [60]) occurred significantly
more often in STECper isolates, while the variants tirO111 (tir-	2/
)
and tirO157:H7 (tir-	1) were more often detected in STECspo iso-
lates.

In conclusion, a comparison of the parts of the core (genes
encoding the serotype and housekeeping genes for the MLST) and
accessory genomes (virulence-associated genes [VAGs]) did not
allow the identification of defining gene patterns that correlate
with the colonization type of the isolates in the bovine host. It
became obvious, however, that within the MST of the core ge-
nome, persistent colonizing isolates (STECper) were located at the
ends of branches, indicating a more distinct evolution from that of
most of the sporadic colonizing isolates (STECspo). Only O157:H7
STECspo isolates of sequence type 11 also separated from the other
STECspo isolates. In contrast, STECper isolates grouped close to the
center of the VAG-based MST, while the O157:H7 STECspo and
most of the remaining STECspo isolates clearly separated at the
ends of the branches. This might be a hint that, even with clearly
distinct genetic backbones, STECper isolates acquire similar sets of
accessory genes. These seem to be more stably integrated in
STECper genomes than in STECspo genomes as shown for the stx
genes (lost in 7% versus 38.2%), supporting our hypothesis that
STECper isolates act as sustained and continuous sources of VAGs
in the bovine intestinal tract and therefore play a pivotal role in the
evolution of putative EHEC.

The observation that three of four STECper genoserotypes pos-
sess predominantly stx1 (O26:H11, O156:H25, O182:H25), while
STECspo genoserotypes are significantly more often positive for
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stx2 is consistent with the observation that calves are first colo-
nized by an STEC-1 population, which is later expanded by the
occurrence of STEC-2 isolates (16, 35, 61), implying that stx1-
positive E. coli are particularly adopted to be part of the normal
microbiota in the bovine host.

Even though only four cattle herds were sampled, albeit inten-
sively, we detected 4 (O26, O103, O145, O157) of the 5 (addition-
ally O111) EHEC O antigens, which define strains that account for
most of the human HUS cases in Germany (31, 62, 63). Three of
these were recognized as STECspo. These results substantiate our
assumption that the sporadic colonization type of some putative
EHEC strains in cattle may impair the identification of the infec-
tion source by epidemiological investigations during a human
outbreak.

Measures to reduce pathogen shedding in livestock in order to
protect humans against EHEC infections have been suggested ear-
lier and tested both experimentally and in field studies (64). Tar-
geting STECper isolates within the bovine host would minimize the
E. coli VAG pool, reducing the risk of evolution of new zoonotic
strains. Several attempts to develop vaccines against STEC in cattle

were of limited success in field applications probably due to their
limitation to single STEC subpopulations (e.g., serotype or pres-
ence of the LEE locus). Accordingly, a combination of different
vaccine antigens was most effective in reducing fecal shedding
(65). With the identification of serotypes (O26:H11, O156:H25,
O165:H25, O182:H25) and VAGs correlating with a persistent
colonization type in bovine STEC (among others stx1, efa-1, tccP,
espB, nleA), the current study provides proof of principle that
analysis of the accessory genome of a significant number of STEC
strains with various colonization patterns should allow the iden-
tification of common genomic patterns which can be targeted by
broadly effective vaccines to prevent human infections.
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