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A national survey of Escherichia coli O26 in Norwegian sheep flocks was conducted, using fecal samples to
determine the prevalence. In total, 491 flocks were tested, and E. coli O26 was detected in 17.9% of the flocks.
One hundred forty-two E. coli O26 isolates were examined for flagellar antigens (H typing) and four virulence
genes, including stx and eae, to identify possible Shiga toxin-producing E. coli (STEC) and enteropathogenic E.
coli (EPEC). Most isolates (129 out of 142) were identified as E. coli O26:H11. They possessed eae and may have
potential as human pathogens, although only a small fraction were identified as STEC O26:H11, giving a
prevalence in sheep flocks of only 0.8%. Correspondingly, the sheep flock prevalence of atypical EPEC (aEPEC)
O26:H11 was surprisingly high (15.9%). The genetic relationship between the E. coli O26:H11 isolates was
investigated by pulsed-field gel electrophoresis (PFGE) and multilocus variable number tandem repeat anal-
ysis (MLVA), identifying 63 distinct PFGE profiles and 22 MLVA profiles. Although the MLVA protocol was
less discriminatory than PFGE and a few cases of disagreement were observed, comparison by partition
mapping showed an overall good accordance between the two methods. A close relationship between a few
isolates of aEPEC O26:H11 and STEC O26:H11 was identified, but all the E. coli O26:H11 isolates should be
considered potentially pathogenic to humans. The present study consisted of a representative sampling of
sheep flocks from all parts of Norway. This is the first large survey of sheep flocks focusing on E. coli O26 in
general, including results of STEC, aEPEC, and nonpathogenic isolates.

Escherichia coli bacteria are mainly found as intestinal com-
mensals, although several groups of E. coli, such as Shiga
toxin-producing E. coli (STEC) and enteropathogenic E. coli
(EPEC), may cause disease in humans and in several animal
species (25, 34). STEC possesses one or more variants of Shiga
toxins (stx1 or stx2), which are able to cause both local damage
in the colon, leading to hemorrhagic colitis, and complications
such as hemolytic-uremic syndrome (HUS) in humans (25).
Most human-pathogenic STEC bacteria also contain a locus of
enterocyte effacement (LEE), which is essential for the ability
to form attaching-and-effacing lesions (A/E lesions). Intimin
(encoded by eae), an outer membrane protein encoded on
LEE, is crucial for the intimate attachment between the bac-
terial cells and the enterocytes (25).

EPEC strains can be divided into two groups, typical and
atypical EPEC (tEPEC and aEPEC) (48). Both groups possess
the pathogenicity island LEE and have the ability to cause A/E
lesions. However, only tEPEC possesses the EPEC adherence
factor plasmid (EAF plasmid), which encodes the bundle-
forming pilus (BFP) (encoded by bfpA) (48). In contrast,
aEPEC lacks this plasmid but frequently possesses the entero-
aggregative E. coli heat-stabile enterotoxin 1 (EAST1) (en-
coded by astA) (34, 48).

E. coli belonging to serogroup O26 comprises both STEC
and EPEC strains. STEC O26 is the most common non-O157
serogroup associated with hemorrhagic colitis and HUS in

humans (17), while EPEC O26 is associated with less-severe
enteritis (7). E. coli O26 related to human disease usually
expresses the flagellar (H) antigen H11 or is nonmotile due to
lack of expression of the H antigen. However, by molecular
analysis it has been demonstrated that the nonmotile E. coli
O26 also belongs to the H11 clonal complex (53). EPEC O26:
H11 lacks the EAF plasmid and is therefore classified as
aEPEC (24, 45, 48). Dividing serogroup O26 into pathogroups,
such as aEPEC and STEC, may be misleading, since aEPEC
might be STEC that has lost stx and vice versa (4, 6).

E. coli O26 has been isolated from both healthy and diar-
rheic animals (13, 19, 27, 32). Although several surveys for E.
coli O26 have been conducted, most of these studies have been
limited, with small sample sizes, or have focused on isolating
STEC O26 and not E. coli O26 in general. Also, most studies
have been performed with cattle (9, 26, 40, 41), and knowledge
about E. coli O26 in sheep is sparse (3, 18, 19).

Molecular typing of E. coli is important in outbreak inves-
tigations and for evolutionary studies. Pulsed-field gel electro-
phoresis (PFGE) is regarded as the “gold standard” for mo-
lecular typing of STEC isolates. However, PFGE is work
intensive and time-consuming, and the results may be difficult
to compare between laboratories even when identical proto-
cols are in use, since defining banding patterns can be very
subjective. A newer method, like multilocus sequence typing
(MLST), would be the method of choice to assess the related-
ness of all E. coli O26 isolates regardless of H type. However,
MLST has been shown to differentiate poorly between E. coli
bacteria that are clonally highly conserved but epidemiologi-
cally unlinked, such as isolates of serotype O26:H11 (20). For
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STEC belonging to serotype O157:H7, multilocus variable
number tandem repeat analysis (MLVA) has been shown to be
a rapid and relatively simple method with a high level of co-
clustering with the PFGE method (22, 30, 35). For other se-
rotypes of E. coli, a generic MLVA protocol has been pub-
lished by Lindstedt et al. (29). Miko et al. (33) reported the use
of this MLVA protocol for E. coli isolates of serogroup O26
from different sources isolated over a 60-year time period.
They found the protocol suitable for identification of clonal
lineages but less discriminatory than PFGE. However, the
MLVA protocol has not been thoroughly evaluated for de-
scribing E. coli O26 from epidemiologically unlinked animal
reservoirs.

In the present study, a national survey of E. coli O26 in
Norwegian sheep flocks was conducted, using fecal samples to
determine the prevalence. Identified isolates were examined
for the virulence genes stx1, stx2, eae, bfpA, and astA to identify
possible STEC and EPEC, and PFGE and MLVA were used
for molecular typing of E. coli O26:H11. Furthermore, antimi-
crobial resistance was determined, and risk factors for flocks
being positive for E. coli O26:H11 were evaluated.

MATERIALS AND METHODS

Study design. A total of 520 sheep flocks that had at least 30 sheep older than
1 year of age were randomly selected from the Norwegian Register of Production
Subsidies of 1 January 2007 (Norwegian Agricultural Authority, Oslo, Norway),
which includes more than 95% of all commercial sheep flocks in Norway. From
each flock, 50 single fecal samples from the youngest animals were requested
(lamb first, and then 1-year-olds, etc.). The sampling was conducted during
autumn 2007, with a two-page questionnaire on flock characteristics and man-
agement factors being filled in at the time of sampling.

Fecal samples. Fecal samples were collected by digital rectal retrieval and
transported in coolers to the laboratory, where they arrived the following day.
Upon arrival, stool specimens of approximately 2.5 to 5 g were pooled from 10
animals from a flock to give a total of five samples per flock. If the number of
samples from a single flock was not a multiple of 10, the last pooled sample
consisted of samples from the remaining one to nine single samples. Either
analysis was commenced immediately or the samples were frozen at �80°C until
analyzed.

Isolation of E. coli O26. The pooled samples were diluted 1:10 with 37°C
prewarmed buffered peptone water (BPW) (Difco, Detroit, MI) and preenriched
for 18 to 24 h at 41.5 � 1°C. Automated immunomagnetic separation–enzyme-
linked immunosorbent assay (AIMS-ELISA) was used for detection of E. coli
O26 and was performed in the BeadRetriever system (Dynal Invitrogen, Oslo,
Norway) as previously described by Urdahl et al. (51). To measure the concen-
tration of bacterial antigen, a volume of 100 �l of the substrate reaction mixture
was read in a spectrophotometer at 405 nm. Absorbance values (A405) of �0.4
were defined as positive. ELISA-positive samples were plated on MacConkey
agar (Difco, Detroit, MI) with 4% cefixime-tellurite (CT) supplement (Dynal
Invitrogen, Oslo, Norway) and washed sheep blood agar containing 10 mM
CaCl2 (5) for colony isolation. Samples showing weak ELISA reactions (A405

between 0.2 and 0.4) were concentrated by AIMS one more time before plating.
Up to 10 colonies showing a typical E. coli appearance were tested by slide
agglutination with E. coli O26 antiserum (Sifin, Berlin, Germany). Up to five of
the positive colonies were subcultivated onto blood agar plates for purity before
being tested further by slide agglutination to rule out autoagglutination. For
species identification, the indole reaction, oxidase test, and Rapid One test kit
(Remel Inc., Atlanta, GA) were used.

Serotyping and virulence characterization. A conventional serotyping method
with O26 antiserum (Statens Serum Institute, Copenhagen, Denmark) was used
to confirm presumptive E. coli O26 isolates. Confirmed E. coli O26 isolates were
examined for the virulence genes stx1, stx2, and eae with a multiplex PCR assay
and using amplification of 16S rRNA genes as a control (10). Based on these
PCR results and sample origin, a selection of the isolates (for selection criteria,
see Results under “Occurrence of E. coli O26”) was further examined for the
virulence genes astA (EAST 11a/EAST 11B) (52) and bfp (EP1/EP2) (21) using
PCR. Flagellar antigens (H typing) were investigated using PCR for fliCH11 (16)

and fliCH21 (primers designed in this study were H21F [TCGATGGCGCGCA
GAAAGCA] and H21R [GGCTGTCGTAGGGGCAACGG]). Other H types
were determined by amplification and sequencing of part of the fliC gene (fliC-F,
CAAGTCATTAATACMAACAGCC; fliC-R, GACATRTTRGAVACTTC
SGT) (31). Boiled bacterial lysates were used as a DNA template in all PCRs.
Positive control strains were included in each run; the following control strains
were used: E. coli EDL933 for stx1, stx2, and eae (42), E. coli Trh2 for astA (1),
and E. coli E2348/69 for bfp (23). For fliCH11 and fliCH21, the amplicon from one
positive strain was sequenced and confirmed; these strains were subsequently
used as positive controls when performing fliCH11 and fliCH21 PCR, respectively.

Pulsed-field gel electrophoresis. PFGE was carried out as described for E. coli
O157:H7 using the protocol recommended by PulseNet (44). A few minor mod-
ifications were implemented; the gel was run for 24 h instead of 19 h, and the
temperature was 12°C instead of 14°C. Enzymatic digestion of agarose-embed-
ded DNA was performed with XbaI (Sigma, St. Louis, MO), and the DNA was
electrophoresed using a Chef-DR III apparatus (Bio-Rad Laboratories, Hercu-
les, CA). All PFGE gels included two lanes with a molecular weight marker (�
ladder PFG marker; New England BioLabs, Beverly, MA) and one lane with
digested DNA from an E. coli O26 strain (E. coli G08; provided by CRL VTEC
[http://www.iss.it/vtec/chis/index.php?lang�2&tipo�1]) as an internal control
strain.

PFGE banding patterns were compared using a combination of visual inspec-
tion and the Bionumerics software program, version 6.1 (Applied Maths NV,
Ghent, Belgium). A dendrogram was generated using the band-based Dice
similarity coefficient and the unweighted pair group method using a geometric
average (UPGMA) with 1.1% position tolerance and 0.8% optimization. A cutoff
level of 97% similarity was used to define a PFGE profile.

MLVA. MLVA analysis for generic E. coli was performed as described by
Lindstedt et al. (29). Seven variable number of tandem repeats (VNTR) loci
were amplified using this method (CVN001, CVN002, CVN003, CVN004,
CVN007, CVN014, and CVN015). The size of the amplicons of the respective
locus was converted to an allele number based on the fragment size. If an
amplicon was absent, the designated allele number was “0.”

For comparison of the two typing methods PFGE and MLVA, partition
mapping in Bionumerics, version 6.1, was used. Partition mapping forms a model
that, when sufficiently high numbers of observations are included, may predict
the typing result of one method based on the other. The partition mapping was
generated by maximum-likelihood estimation using the PFGE profile as the first
partition and the MLVA profile as the second partition. Parameters were set to
50% precision and 50% recall. A contingency table was generated for the par-
tition mapping, showing information on the association between a PFGE profile
and a corresponding MLVA profile. Each cell in the table contains the number
of isolates for a specific combination of a PFGE and an MLVA profile. The
partition mapping may give two kinds of mapping errors, since a set of rules can
be either too precise or too general. Rules are indicated as continuous rectangles
in the contingency table, and cells that confirm the mapping rules are shown in
light gray, while violations are indicated in dark gray. The model may also predict
some entries that are actually not observed, and these are indicated in midgray.

Susceptibility testing. MICs to the following antimicrobial agents were deter-
mined: ampicillin, ceftiofur, cefotaxime, tetracycline, trimethoprim, sulfame-
thoxazole, streptomycin, gentamicin, kanamycin, chloramphenicol, florfenicol,
nalidixic acid, and ciprofloxacin. MICs were determined by the use of a broth
microdilution method (VetMIC; National Veterinary Institute, Uppsala, Swe-
den), following the instructions given by the manufacturer. Breakpoints used for
classifying the strains as resistant or susceptible were the ones applied by the
Norwegian monitoring program for antimicrobial resistance in bacteria from
feed, food and animals (NORM-VET) in 2009 (39). E. coli ATCC 25922 was
included as a quality control strain when susceptibility testing was performed.

Statistical analyses. The crude country prevalence of E. coli O26 and the
corresponding 95% confidence interval (CI) were estimated assuming a binomial
distribution by using the function binom test in the R software program (43).

The relationships between the occurrence of E. coli O26:H11 in a sheep flock
and potential risk factors were analyzed with the flock as the statistical unit and
with flocks having at least one positive sample for E. coli O26:H11 regarded as
positive. Feed in the last 2 weeks (concentrates, hey, silage, and pasture), housing
in the last 2 weeks (outdoors, slatted floor, straw bedding, and nonslatted con-
crete or wooden floor), other animal species on the farm (cattle, goat, or pig),
purchase of animals in the last 4 months, being member of a ram circle, flock size,
and geographical region (see Table 1) were considered potential risk factors. All
variables were initially run by univariate unconditional logistic regression anal-
ysis. Variables with Wald �2 P values of �0.20 were further selected for multi-
variate analysis. The multivariate logistic regression analysis was performed by
backward stepwise deletion of variables with P values of �0.05. For each step,

4950 SEKSE ET AL. APPL. ENVIRON. MICROBIOL.

 on S
eptem

ber 8, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


the single least-significant term was removed until there were no significant
differences between the full and reduced models. An adjusted odds ratio esti-
mate was used as a measure of association between the response variable and the
explanatory variable. The statistical analysis was performed using proc logistic in
the software program SAS 9.1.3 for Windows (SAS Institute Inc., Cary, NC).

Analysis of regional distribution of PFGE profiles was performed using Fish-
er’s exact test. PFGE clusters comprising profiles with �75% similarity were
included, while PFGE clusters with fewer than three observations were excluded
from the analysis. The statistical analysis was performed using proc freq in SAS
9.1.3 for Windows.

RESULTS

Received samples. Fecal samples from 498 (96%) of the 520
sheep flocks selected were received at the laboratory during
autumn 2007. For seven flocks (all from the county of Tele-
mark), molds were registered on the samples at the time of
arrival and the samples were regarded as unsuited for analysis,
leaving samples from 491 flocks from 18 counties for further
investigation (Table 1). For 372 flocks (76%), the exact num-
ber of 50 individual samples was received. For the remaining
flocks, the number of individual samples varied from 9 to 51
with a mean of 47.

Occurrence of E. coli O26 and distribution of virulence
genes. E. coli O26 was detected for 88 out of the 491 flocks
investigated, corresponding to a prevalence of 17.9% (95% CI,
14.6 to 21.6%). From the 88 positive flocks, a total of 403
isolates were subjected to PCR for eae and stx. eae	 E. coli O26
lacking stx was detected for a total of 78 flocks (15.9% [95% CI,
12.8 to 19.4%]), while eae	 stx	 E. coli O26 isolates were
detected for four flocks only (0.8% [95% CI, 0.2 to 2.1%]), of
which two flocks contained isolates of both eae	 stx	 E. coli
O26 and eae	 E. coli O26 lacking stx. E. coli O26 lacking both
eae and stx was detected from 12 flocks, and E. coli O26 isolates
from four of these flocks were also eae	 but lacked stx. Num-
bers of positive flocks per county are shown in Table 1.

A selection of 142 E. coli O26 isolates was further investi-
gated for H type, screened for astA and bfpA, and subjected to
PFGE and MLVA. These isolates were selected based on the
following criteria: one isolate from each pooled sample was
selected (possibly five from each flock). If isolates from the
same pooled sample had different virulence patterns as defined
by PCR for eae and stx, then more than one isolate was further
included, so that all virulotypes from a sample should be pre-
sented (i.e., two isolates, since the study identified a maximum
of two virulotypes per sample).

From the selection of 142 isolates, all eae	 E. coli O26
isolates (including the eae	 stx	 isolates) possessed the H11
antigen, i.e., 129 isolates originating from 80 flocks. Seven of
the eae	 E. coli O26:H11 isolates were also stx	. Four of these
were stx1	 and originated from four pooled samples from one
flock, while the remaining three isolates were stx2

	 and origi-
nated from three other flocks. The eae-lacking E. coli O26
isolates belonged to H types H4, H7, H8, H18, H19, H21, H31,
and H41. None of the selected 142 E. coli O26 isolates har-
bored the bfpA gene, and only four of them possessed the astA
gene. One of the astA	 isolates was eae	 E. coli O26:H11,
while the three remaining isolates (O26:H8 [1 isolate] and
O26:H21 [2 isolates]) were negative for the other tested viru-
lence genes. Table 2 shows an overview of serotypes and vir-
ulence genes identified among the 142 selected isolates.

Molecular typing of O26:H11 isolates by PFGE and MLVA.
PFGE analysis of the 129 E. coli O26:H11 isolates identified a
total of 63 distinct PFGE profiles (Fig. 1). The 129 isolates
originated from 80 different flocks, varying from 1 to 5 isolates

TABLE 1. Number of sheep flocks positive for E. coli O26 per
Norwegian countya

Region and county
No. of

examined
flocks

No. of flocks positive for E. coli O26

H11, eae	 Other
H types,

lacking eae
and stxstx	 No stx

SE
Østfold 2
Akershus 11 4
Hedmark 17 4
Oppland 50 6
Buskerud 25 2
Vestfold 3
Telemark 7 1
Aust-Agder 0
Vest-Agder 12 1 1

W
Rogaland 97 11 2 (1 	 1c)
Hordaland 62 11
Sogn og Fjordane 56 1 (stx2) 3 1c

M
Møre og Romsdal 36 7 1c

Sør-Trøndelag 27 2 (stx2) 7 (6 	 1b) 3
Nord-Trøndelag 28 8 2 (1 	 1c)

N
Nordland 36 6 2
Troms 16 4
Finnmark 5 1 (stx1) 2 ( 1 	 1b)
Unknown 1 1

Total 491 4 78 (76 	 2b) 12 (8 	 4c)
Prevalence (%) 0.8 15.9
95% CI 0.2–2.1 12.8–19.4

a SE, southeastern Norway; W, western Norway; M, middle Norway; N, north-
ern Norway.

b Flocks including both eae	 stx	 E. coli O26:H11 and eae	 E. coli O26:H11
lacking stx.

c Flocks including both eae	 E. coli O26:H11 lacking stx and E. coli O26 of
other H types lacking eae and stx.

TABLE 2. Virulence genes and serotypes of 142 E. coli O26
sheep isolates

Serotype No. of
isolates

No. of isolates carrying gene(s)

stx1, stx2 eae bfpA astA

O26:H4 1
O26:H7 1
O26:H8 1 1
O26:H11 129 7 (4 stx1, 3 stx2) 129 1
O26:H18 1
O26:H19 1
O26:H21 5 2
O26:H31 1
O26:H41 2
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per flock. No association could be seen between clusters (cutoff
level of �75% similarity) and geographical regions (P value �
0.094).

Isolates from a specific flock usually produced identical
PFGE banding patterns with a few exceptions. From a total of
seven flocks, different banding patterns were obtained from
isolates with the same virulence genes. PFGE comparison
showed one to three band differences, indicating a close ge-
netic relationship between the isolates from six of these flocks,
while the isolates from the remaining flock gave more-distinct
PFGE banding patterns with less than 65% similarity. Identical
PFGE profiles were also identified for several different flocks
(the number of flocks is given in parentheses): PFGE-1 (3),
PFGE-2 (4), PFGE-3 (2), PFGE-4 (4), PFGE-5 (2), PFGE-6
(2), PFGE-7 (3), PFGE-8 (4), PFGE-10 (3), PFGE-11 (2),
PFGE-12 (2), PFGE-13 (2), PFGE-14 (2), PFGE-15 (2),
PFGE-48 (3), and PFGE-49 (2).

Three of the eae	 stx1
	 E. coli O26:H11 isolates had iden-

tical PFGE profiles, while the banding pattern from the last
one yielded a three-band difference (isolates originated from
the same flock). Comparison of the banding patterns of the
three eae	 stx2

	 E. coli O26:H11 isolates showed that the
isolates produced distinct PFGE profiles with less than 65%
similarity (isolates from three different flocks) (Fig. 1). Two of
the three eae	 stx2

	 E. coli O26:H11 isolates had PFGE pat-
terns identical to those of eae	 E. coli O26:H11 isolates lacking
stx, but these isolates, with and without stx2

	, originated from
different flocks in different counties.

Among the 129 E. coli O26:H11 isolates, 22 different MLVA
types were identified (Table 3). More than half of the isolates
(73/129) were classified into four MLVA profiles (5-3-0-8-
3-6-1, 6-0-0-3-3-7-1, 6-0-0-8-3-5-1, 6-0-0-8-3-6-1) (Table 3).
Isolates from the same flock usually had identical MLVA
profiles, except isolates from five flocks. From two of these
five flocks, the isolates carried different virulence genes and
also showed different PFGE profiles. Different PFGE pro-
files, indicating genetic diversity, were also seen in isolates
from two of the remaining three flocks, although all isolates
from these three flocks were carrying the same virulence
genes. The differences were in locus CVN014 and in the
CVN014 and CVN002 loci, respectively. From the last flock,
all isolates had identical PFGE profiles but different MLVA
profiles (CVN014 and CVN002). All the eae	 stx	 isolates
had MLVA profiles that differed in one locus (CNV014)
only. The four eae	 stx1

	 isolates originating from one flock
had identical MLVA profiles (6-0-0-8-3-6-1), while the three
eae	 stx2

	 isolates from three different flocks gave two dif-
ferent MLVA profiles (6-0-0-8-3-5-1 and 6-0-0-8-3-10-1).
Two of the eae	 stx2

	 isolates had PFGE patterns identical
to those of eae	 E. coli O26:H11 isolates lacking stx
(PFGE-12 and PFGE-13), but their corresponding MLVA
profiles differed in locus CVN014.

A mapping rules likelihood value of 0.999 was calculated by
partition mapping comparing PFGE and MLVA results. The
contingency table for the partition mapping is shown in Fig. 2.
Twelve of the 22 MLVA profiles included 2 or more PFGE

FIG. 1. Dendrogram showing PFGE pattern of 89 E. coli O26:H11 isolates originating with 80 sheep flocks. A cutoff level of 97% similarity
defines a PFGE profile, and in the case of isolates originating from the same flock showing �97% similarity, only one isolate is included. PFGE
profiles, occurrence of eae and stx, and MLVA profiles are shown for each isolate.

TABLE 3. MLVA profiles with previously reported human association and PFGE profiles of 129 E. coli O26:H11 sheep isolates

MLVA profile Previously reported human
association (reference)

No. of
isolates PFGE profile

4-0-0-8-3-12-1 No 1 39
4-3-0-8-3-15-1 No 1 62
5-0-0-8-3-6-1 No 1 3
5-3-0-8-3-5-1 No 3 43
5-3-0-8-3-6-1 No 27 1, 2, 3, 4, 44, 45, 47, 48, 49, 50, 55,
5-3-0-8-3-7-1 No 4 4, 46, 48
5-3-0-8-3-9-1 No 3 33
6-0-0-3-3-7-1 No 11 28, 29, 30, 31, 32, 61, 65
6-0-0-8-3-2-1 No 2 18, 42
6-0-0-8-3-3-1 No 2 35
6-0-0-8-3-4-1 No 9 10, 13, 23, 24, 25, 26
6-0-0-8-3-5-1 No 19a 7, 8, 9, 10, 11, 12, 13, 15, 16, 17, 19
6-0-0-8-3-6-1 No 16b 7, 8, 12, 20, 21, 58, 59, 60, 64
6-0-0-8-3-7-1 No 9 6, 7, 14, 37, 38, 40
6-0-0-8-3-9-1 No 6 5, 34
6-0-0-8-3-10-1 No 3a 22, 36, 41
6-0-0-8-3-11-1 No 1 5
6-1-0-8-3-4-1 Yes (33) 1 35
6-3-0-8-3-4-1 Yes (33) 3 52, 53
6-3-0-8-3-7-1 Yes (33) 5 51, 54, 57
6-3-0-8-3-9-1 Yes (33) 1 2
6-3-0-8-3-13-1 No 1 56

a Including stx2
	 isolates.

b Including stx1
	 isolates.
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profiles, and 6 of these included 6 to 11 different PFGE pro-
files. A few cases of disagreement between results generated by
the two typing methods were observed: Isolates with PFGE
profile 7, 8, 10, 12, 13 had two different MLVA profiles, with

differences in one locus (CVN014). Isolates with identical
PFGE profiles from different flocks did sometimes have dif-
ferent MLVA profiles, usually varying in one or two loci
(CVN002 and/or CVN014) (Fig. 2).

FIG. 2. Contingency table for the partition mapping of PFGE and MLVA for 129 E. coli O26:H11 sheep isolates. Cells in light gray confirm
the mapping rules, violations are indicated in dark gray, and midgray cells are predicted entries which are not actually observed.
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Antimicrobial resistance of E. coli O26:H11. A total of 80 E.
coli O26:H11 isolates (1 isolate from each positive flock) were
investigated for antimicrobial resistance to 13 antimicrobial
agents. Of the 80 isolates, 12 (15.0%) were classified as resis-
tant to one or more of the antimicrobial agents tested. Eight
isolates were resistant to one antimicrobial (streptomycin), two
isolates were resistant to two antimicrobial agents (streptomy-
cin and sulfamethoxazole or streptomycin and tetracycline),
and two isolates were resistant to three antimicrobial agents
(streptomycin, sulfamethoxazole, and tetracycline or strepto-
mycin, sulfamethoxazole, and ampicillin). The 12 antimicrobial
resistant isolates did not cluster together.

Risk factors for E. coli O26:H11. For the occurrence of E.
coli O26:H11, two factors were associated with the occurrence
of E. coli O26:H11 in the final multivariate assessment (Table
4). These factors were the use of concentrate in the last 2
weeks before sampling and the geographical region, where the
occurrence of E. coli O26:H11 in a flock was higher in middle
Norway than in the other regions. There were not enough
positive flocks to perform statistical analyses of possible risk
factors for occurrence of STEC O26:H11.

DISCUSSION

The present survey documents a considerable dissemination
of E. coli belonging to serogroup O26 in the fecal flora of
Norwegian sheep, since 17.9% of the investigated flocks were
positive for this serogroup. A major part of the E. coli O26
isolates characterized were of serotype O26:H11 (129/142),
which is recognized as a potential human pathogen. The study
consisted of a representative sampling of a high number of
sheep flocks from all parts of Norway and, to our knowledge,
no comparable national survey of sheep has been conducted in
other countries.

The prevalence of STEC O26:H11 found in the present
study was low (0.8%), but the proportion classified as aEPEC
O26:H11 was surprisingly high (15.9%). The low prevalence of
STEC O26:H11 is in agreement with two previous Norwegian
studies of sheep where no stx	 E. coli bacteria belonging to
serogroup O26 were detected (49, 50), although these studies
included a limited number of farms. For other countries, STEC
O26 in sheep has been reported with similar low prevalences
(8, 14, 17, 18, 46). Only a few studies have reported detection
of eae	 E. coli O26 lacking stx in ruminants (15, 18, 19). This
can be explained by the fact that previous studies have focused
mainly on cattle and isolation of STEC O26.

None of the eae	 E. coli O26:H11 isolates lacking stx carried

bfpA	, and they were thereby identified as aEPEC. This is in
agreement with previous findings stating that eae	 E. coli O26
isolates lacking stx are identified as aEPEC and consequently
lack bfpA (24, 45, 48). Previous studies have indicated that E.
coli O26:H11 isolates are highly clonal and that aEPEC O26
bacteria might be precursors for STEC or STEC that has lost
stx (4, 6). Consequently, dividing serotype O26:H11 into
aEPEC and STEC could be misleading. However, a study
comparing human and animal E. coli O26:H11 isolates re-
ported two groups of aEPEC O26:H11 from animals based on
PFGE analysis (28). One group was genetically similar to
STEC O26:H11, and the other group was genetically more
different. In the present study, the 129 E. coli O26:H11 isolates
were genetically diverse, as demonstrated by the numbers of
PFGE and MLVA profiles. However, the PFGE profiles of a
few STEC and aEPEC O26:H11 isolates in the present study
were identical (PFGE-12 and PFGE-13) or similar (PFGE-
20/21 and -24), indicating a close relationship between these.
The MLVA data support the PFGE result, since all three
MLVA profiles containing STEC O26:H11 also contained iso-
lates of aEPEC O26:H11, with the three MLVA profiles dif-
fering in only one locus (CVN014). However, the STEC and
aEPEC isolates of importance originated from different flocks
in different counties and were thus epidemiologically unre-
lated, and caution should therefore be taken interpreting these
results (47). The combination of STEC and aEPEC O26:H11
isolates from a flock was identified in two cases only. These
isolates had distinct PFGE patterns (PFGE-20/21 and -10 and
PFGE-4 and -22), with �75% similarity, and therefore were
considered more diverse.

Aktan et al. (2) argued that grouping of aEPEC O26:H11
from animals into two groups, one similar to and one more
different from STEC O26:H11, could be explained by geo-
graphical differences. No regional differences were found in
the present study, and this may be a reason why no distinct
groups could be detected. However, the E. coli O26:H11 iso-
lates in the present study were all from Norwegian sheep, and
it could be that differences would appear if they were com-
pared with isolates from other countries and/or from other
sources (human or animal).

The results of the present study show a close relationship
between a few isolates of aEPEC O26:H11 and STEC O26:
H11, supporting the hypothesis that these differ only in the
presence of Stx-encoding bacteriophages (4, 6). However, with
STEC O26:H11 isolates from four flocks only, no conclusion
could be reached on the aEPEC O26:H11 reservoir in total,
whether all the aEPEC O26 isolates might be precursors for

TABLE 4. Risk factors for E. coli O26:H11 in Norwegian sheep flocks identified by multiple logistic regressiona

Exposure factor Category Estimate (
) Standard error of 
 OR 95% CI for OR P value

Use of concentrate in the last 2 weeks
before sampling

Yes 0.37 0.14 2.1 1.9–3.6 0.01

No 1

Region Northern 0.16 0.27 1.6 0.7–3.6 0.03
Middle 0.51 0.22 2.2 1.1–4.5
Western �0.38 0.20 0.9 0.5–1.8
Southeastern 1

a n � 489; 2 observations were deleted due to missing information. Likelihood ratio � 15.6; df � 4; P value of the final model � 0.0035. OR, odds ratio.
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STEC or whether there could be two groups of aEPEC O26:
H11, with one group similar to and one more different from
STEC O26:H11. Nevertheless, the relatively large reservoir of
aEPEC O26:H11 bacteria is of concern in itself, since aEPEC
O26:H11 may cause diarrhea in children (7). The concern
about this reservoir of potentially human-pathogenic aEPEC
O26:H11 is also supported by previous studies, since 4 of the 22
MLVA profiles reported in the present study were identical to
MLVA profiles described for both human STEC and aEPEC
O26:H11 isolates by Miko et al. (33). Interestingly, the three
closely related MLVA profiles of the STEC O26:H11 isolates
in this study were not reported in the study by Miko et al. (33).

The comparisons between PFGE and MLVA in the present
study show an overall good accordance between the two meth-
ods, although MLVA was less discriminatory than PFGE, with
MLVA profiles typically corresponding to several PFGE pro-
files, as was also shown by Miko et al. (33). Though a few cases
of disagreement between the two methods were observed, the
mapping rules likelihood was very close to 1, indicating that the
mapping rules predicted the contingency table very well (Fig.
2). Consequently, if a PFGE profile of an isolate is known, the
MLVA type may be accurately predicted. If only the MLVA
profile is known, however, the PFGE profile cannot be accu-
rately predicted, since an MLVA profile may correspond to
several PFGE profiles. However, due to the low number of
observations for some of the PFGE profiles, the data from the
partition mapping must be interpreted with caution. Also, in
the present study isolates with identical PFGE profiles but
originating from different flocks did sometimes have different
MLVA profiles. This emphasizes the set of criteria Tenover et
al. (47) suggested for interpreting PFGE patterns. These cri-
teria were proposed for use in outbreak situations and should
therefore be applied with caution in studies, such as this, where
isolates are not epidemiologically related. The two methods do
complement each other, however, and MLVA may therefore
be of use for identifying animal isolates as potentially human
pathogenic or nonpathogenic by comparing them with human
isolates. Though MLVA has been shown to be useful for iden-
tifying human outbreaks, further studies of both animal and
human E. coli isolates of various serotypes, including compar-
isons between these, are needed to evaluate the use of MLVA
for classification of animal E. coli isolates into potentially hu-
man pathogenic or nonpathogenic.

Some VNTRs used in the present MLVA protocol seem to
be conserved for E. coli O26:H11 (CNV003, CNV007, and
CNV015). These were identical for all isolates, consistent with
what was found by Miko et al. (33). Though variations in locus
CNV003 have been reported (11, 33), most isolates presum-
able give no amplification product for CNV003 (11, 29, 33).
Ideally, MLVA should be more discriminatory in order to
thoroughly differentiate between E. coli isolates of serogroup
O26:H11. The present MLVA protocol is developed for E. coli
in general and is based on only six genome sequences (29).
Modifications and changes to the protocol to make it more
sensitive and thereby more useful for discrimination of E. coli
isolates of serogroup O26:H11 are in progress by adding 3 new
loci to a total of 10 loci.

The low occurrence of antimicrobial resistance among the
investigated isolates is in accordance with previous findings
from the NORM-VET program, where low resistance rates

have been reported among E. coli bacteria of the intestinal
flora of healthy sheep (36–38). However, isolates from sheep
tested in the NORM-VET program have not included specific
serotypes but comprised randomly selected E. coli isolates with
unknown serotypes (indicator bacteria). The occurrence of
streptomycin resistance among the investigated E. coli O26:
H11 isolates was higher than that reported by the NORM-VET
program, and a possible association between E. coli O26:H11
and streptomycin resistance cannot be excluded. A clonal dis-
semination of the resistant E. coli O26:H11 cannot explain the
observed frequency, since the streptomycin-resistant isolates
did not cluster together.

From the multivariate assessment, only two factors were
associated with occurrence of E. coli O26:H11 in sheep flocks:
geographical differences and use of concentrate in the last two
weeks before sampling. There are many reports in the litera-
ture on the influence of different feeding regimes and dietary
factors on the survival and shedding of E. coli in general and
STEC O157 in particular, as reviewed by Callaway et al. (12).
However, these reports are inconclusive or even conflicting,
and in addition, caution should be taken since what has an
effect on the occurrence of one serotype may not necessarily
have the same effect on the occurrence of another serotype.

Some samples in the present study were frozen before being
analyzed. In spite of possible cell death during this frozen
storage, the detection level for E. coli O26 reflected the prev-
alence well. Dead E. coli O26 reacts and gives positive ELISA
results without a following isolation. This was not a problem in
the present study, however, and consequently, analyzed frozen
samples were not regarded as an influencing factor in the
results. The number of flocks examined per county in the
present study deviated between zero and seven compared to
what was planned. The highest variation was that for the
county of Telemark, and although this may have created a bias,
we do not expect it to have had any major effect on the total
conclusions.

This is, to our knowledge, the first large study in sheep flocks
focusing on E. coli O26 in general, including aEPEC, STEC,
and isolates lacking eae and stx. The prevalence of E. coli
O26:H11 was surprisingly high in Norwegian sheep, and the
results showed that when E. coli O26:H11 occurred in a par-
ticular flock, the presence of genetically unrelated E. coli O26:
H11 strains within the same flock was uncommon. A close
relationship between a few isolates of aEPEC O26:H11 and
STEC O26:H11 was identified, but all the E. coli O26:H11
isolates should be considered potentially pathogenic to hu-
mans. More studies with in-depth characterization of animal
isolates and comparison to human isolates are needed, how-
ever, to evaluate the degree of association between this sheep
reservoir of E. coli O26:H11 and human disease.
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