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A collection of 81 isolates of enteropathogenic Escherichia coli (EPEC) was obtained from samples of bulk tank sheep milk
(62 isolates), ovine feces (4 isolates), sheep farm environment (water, 4 isolates; air, 1 isolate), and human stool samples (9
isolates). The strains were considered atypical EPEC organisms, carrying the eae gene without harboring the pEAF plas-
mid. Multilocus sequence typing (MLST) was carried out with seven housekeeping genes and 19 sequence types (ST) were
detected, with none of them having been previously reported for atypical EPEC. The most frequent ST included 41 strains
isolated from milk and human stool samples. Genetic typing by pulsed-field gel electrophoresis (PFGE) resulted in 57 pat-
terns which grouped in 24 clusters. Comparison of strains isolated from the different samples showed phylogenetic rela-
tionships between milk and human isolates and also between milk and water isolates. The results obtained show a possible
risk for humans due to the presence of atypical EPEC in ewes’ milk and suggest a transmission route for this emerging
pathogen through contaminated water.

Enteropathogenic Escherichia coli (EPEC) is an important
group of diarrheagenic E. coli, being responsible for outbreaks

of infant diarrhea in developing countries, with fatality rates as
high as 30% (1), and increasingly being implicated as a causative
agent of diarrhea in developed countries, affecting all age groups
(2, 3). This epidemiological difference between developing and
developed countries is linked to the characteristics of EPEC
strains. Typical EPEC organisms, defined as strains of E. coli that
produce an attaching and effacing lesion in intestinal cells, carry
the EAF virulence plasmid, and do not produce Shiga-like toxins,
are predominant in developing countries, whereas atypical EPEC
isolates, which are similar to typical EPEC isolates but do not
possess the EAF virulence plasmid, are emerging pathogens in
developed countries (2, 4, 5).

The reservoir of typical EPEC strains is thought to be human
carriers (3), and those strains are rarely isolated from animals (2).
In contrast, atypical EPEC strains are readily isolated from hu-
mans and animals; there is no confirmation of direct transmission
from animals to humans, but the fact that strains belonging to the
same serogroups have been found in animal and human diseases
suggests that animals can be an important reservoir of atypical
EPEC that can be transmitted to humans (5) and also from hu-
mans to animals (6). The isolation from food production animals
and farm environments has been reported (7–9), and milk and
dairy products appear to be regularly contaminated with EPEC
strains (10–14), even though other studies failed to isolate EPEC
from milk samples (7, 15). Taking into account that farm animals
and milk and dairy products carry atypical EPEC strains, it can be
presumed that a possible route of transmission is from animals to
food and then to humans.

The aim of this study was to analyze the presence of atypical
EPEC strains in sheep milk and in the environment of sheep farms
and to compare the phylogenetic relationships of isolates obtained
from these samples and isolates obtained from humans to search
for possible routes of transmission of EPEC to humans.

MATERIALS AND METHODS
Sample collection. Bulk tank ewes’ milk samples were obtained from 388
farms located along 10 different milk collection routes in northwest Spain.
Milk samples of 100 ml were aseptically taken in sterile containers.

Additional samples from air, water, feed, and feces were taken from
10 selected farms (one farm at the end of each collection route). Ten-
liter air samples were collected using a microbial air sampler (Biotest
Hycon, Dreieich, Germany) fitted with a tryptone soya agar (TSA;
Oxoid, Basingstoke, United Kingdom) strip. Water troughs and feed
(silage) samples were taken in sterile containers of 500 ml and 250 g,
respectively. Sampling of feces in farm premises was done with boot
swabs by following the protocol outlined by the EU for monitoring the
reduction of Salmonella in laying hens. In brief, boot swabs, moistened
with a solution of 0.1% peptone and 0.9% NaCl, were used to walk
through the premises using a route that produced a sample for all parts
of the farm. A minimum of four samples (two pairs of boot swabs)
were collected, with the swabs being changed every 100 steps. Boot
swabs were removed carefully and stored in sterile zipper storage bags
for transport to the laboratory.

Milk and farm environment samples were immediately transported to
the laboratory in an insulated cooler. Temperature on arrival to the labo-
ratory was always under 8°C.

Suspected diarrheagenic E. coli isolates from stool samples of patients
with gastrointestinal disease were kindly provided by the Microbiology
Service of the University Hospital of León.

Sample processing. Fifty milliliters of milk was cultured in 450 ml
of tryptone soya broth (TSB; Oxoid) plus 0.6% yeast extract (TSBYE;
Oxoid) at 42°C for 18 h. An aliquot of the enriched sample was
streaked onto CT-SMAC (Oxoid) plates and incubated at 37°C for 24
h. Pink (sorbitol fermenters) and colorless (nonfermenters) colonies
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were picked and preserved at �40°C in TSB plus 40% glycerol for
further characterization.

TSA strips from the air sampling were homogenized with 50 ml of
TSBYE in a Masticator blender (IUL SA, Barcelona, Spain). Water sam-
ples (250 ml) were filtered through sterile 0.45-�m filters, which were
then incubated in 50 ml TSBYE. Twenty five g of feed pellets was blended
with 225 ml of TSBYE. Boot swabs were unpacked and placed in 225 ml of
TSBYE. All cultures were incubated and plated onto CT-SMAC as de-
scribed above.

PCR detection of enteropathogenic E. coli. Presumptive EPEC iso-
lates were cultured in TSB at 37°C for 18 h, and DNA was released by heat
lysis. The template DNA was screened by PCR for the presence of the
target genes stx1, stx2, eae, and bfpA, as well as plasmid pEAF, using the
primers described in Table 1. PCR was carried out in a Mastercycler Per-
sonal (Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany) in a final
volume of 25 �l and an annealing temperature of 56°C. PCR products (5
�l) were analyzed by 1% agarose gel electrophoresis and viewed after
ethidium bromide staining under UV light.

MLST. Multilocus sequence typing (MLST) was carried out by ampli-
fying and sequencing seven housekeeping genes (arcA, cyaA, fadD, icdA,
lysP, mtlD, and rpoS), as described by Moura et al. (6), by following the
protocol detailed at the EcMLST website (http://shigatox.net/new/tools
/ecmlst.html). PCR products were purified with a NucleoSpin gel and
PCR cleanup kit (Macherey-Nagel, Düren, Germany). Both strands were
sequenced in a Megabace 500 sequencer (Amersham Biosciences, Piscat-
away, NJ).

Raw sequences were visually reviewed and edited using the Chromas Lite
2.1 software (Technelysium, South Brisbane, Queensland, Australia) and
aligned with the ClustalW algorithm of the MEGA5 software (16). Each gene
locus was assigned an allele number by searching the EcMLST database. New
allele numbers were assigned by the curator of the database upon submission
and revision of sequence chromatograms. Each isolate was assigned an arbi-
trary sequence type (ST) number according to the allele profile.

Lineage assignment and phylogenetic analysis. Grouping of isolates
into clonal complexes according to the number of single-locus and dou-
ble-locus variants was done with the eBursts algorithm implemented in
the START2 program (17). Split decomposition analysis was performed
with Splitstree software for Windows (18).

A concatenated sequence constructed from the individual gene se-
quences (in the order of arcA, cyaA, fadD, icdA, lysP, mtlD, rpoS) was
prepared for one representative strain of each ST. Concatenated se-

quences were aligned and the phylogenetic tree was constructed using the
neighbor-joining (NJ) method, with the distances estimated by the
Kimura 2-parameter model and a bootstrapping of 1,000 replications
using MEGA5 software.

PFGE. Genomic DNA preparation for pulsed-field gel electrophoresis
(PFGE) analysis was carried out according to the procedure of PulseNet
(19). DNA was digested with 30 U XbaI (Fermentas, Thermo Fisher Sci-
entific, Waltham, MA), and the fragments were resolved in a 1% Seakem
Gold agarose gel (Lonza, Rockland, ME) in a contour-clamped homoge-
neous electric field (CHEF) DRIII apparatus (Bio-Rad, Hercules, CA)
during 19 h with the following conditions: 14°C, ramp of 2.2 to 54.2 s, 120°
angle, and voltage of 6 V/cm. Comparison of PFGE profiles was done with
the GelCompar 6.1 software (Applied Maths, St. Martens Latem, Bel-
gium). Similarities were obtained using the Dice coefficient at 0.5% opti-
mization and 1.5% tolerance, and a dendrogram was constructed with the
unweighted-pair group method using average linkages (UPGMA) cluster-
ing method.

RESULTS
EPEC isolation and identification. A total of 62 suspected isolates
were obtained from 55 of the 388 bulk tank milk samples (14.17%).
All of the isolates were considered atypical EPEC, carrying the eae
gene without amplifying any of the additional target genes (stx1, stx2,
and bfpA) or pEAF. Ten more isolates were recovered from the envi-
ronmental samples taken from 5 out of 10 farms (50%): five isolates
were obtained from water trough samples taken from four different
farms, four isolates were from feces from four different farms, and
one isolate was obtained from an air sample; moreover, 9 atypical
EPEC isolates were confirmed from human stools.

Multilocus sequence typing and phylogenetic analysis. Se-
quences of seven housekeeping genes were obtained from all 81
isolates, and 19 ST were detected (Table 2); none of them were
previously reported for atypical EPEC in studies carried out with
the same genes (6, 20). The most frequent ST was ST 14, including
41 isolates, all of them obtained from milk and clinical samples.
The allele frequency of the housekeeping genes ranged from 6 to
12 alleles per locus, with the most variable being loci icdA and
mltD with 12 alleles each. Ten new alleles were detected in five
different genes (Table 2).

TABLE 1 Target genes and primer sequences for the PCR detection of EPEC gene markers

Target gene or plasmid
and primer Sequence (5=¡3=) Amplicon size (bp) Reference

Genes
stx1

Stx1F ATAAATCGCCATTCGTTGACTAC 180 24
Stx1R AGAACGCCCACTGAGATCATC

stx2

Stx2F GGCACTGTCTGAAACTGCTCC 255
Stx2R TCGCCAGTTATCTGACATTCTG

eae
SK1 CCCGAATTCGGCACAAGCATAAGC 881 25
SK2 CCCGGATCCGTCTCGCCAGTATTCG

bfpA
EP1 ATTGGTGCTTGCGCTTGCTGC 326 27
EP2 GCCGCTTTATCCAACCTGGTA

Plasmid
pEAF

EAF1 CAGGGTAAAAGAAAGATGATAA 397 26
EAF25 TATGGGGACCATGTATTATCA
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Three clonal complexes were revealed by eBurst analysis,
grouping 7, 2, and 2 ST, respectively. Clonal group 1 was centered
on ST 5, with ST 2 and ST 10 as a single-locus variant (SLV) and ST
6, ST 7, ST 15, and ST 17 as a double-locus variant (DLV). Clonal
group 2 contained ST 3 and ST4, whereas clonal group 3 included
ST 8 and ST 9. The remaining 8 ST were considered singletons,
including the most frequent ST, ST 14. A SplitsTree graph (Fig. 1)
shows the relative distances between STs.

Phylogenetic analysis of the supergene is shown in Fig. 2, show-
ing a clustering of STs similar to that obtained with SplitsTree,
with high bootstrapping values.

Some STs grouped together isolates from different origins, as

in ST 4, which grouped five isolates obtained from milk produced
on five farms with a water strain isolated from a different farm. ST
7 included water and milk samples isolated from different loca-
tions, ST 11 was composed of one water and two milk isolates, ST

TABLE 2 Allele profile and relative frequency of ST detected after MLST
analysis of 81 EPEC isolates

ST

Allele no. of:
Relative
frequency Origin of isolatesarcA cyaA fadD icdA lysP mtlD rpoS

1 2 36a 115 8 17 45a 71a 1 Clinical
2 3 2 13 4 1 13 1 1 Milk
3 3 3 2 2 1 3 1 1 Clinical
4 3 3 2 2 1 4 1 6 Milk and water
5 3 3 13 4 1 13 1 1 Milk
6 3 3 13 39 1 13 17 1 Feces
7 3 3 13 203a 1 13 69a 2 Milk and water
8 3 3 20 23 1 31 1 8 Milk
9 3 3 20 23 1 31 70a 1 Water
10 3 3 49 4 1 13 1 1 Milk
11 3 11 13 39 1 43a 1 3 Milk and water
12 6 1 4 3 2 11 8 1 Milk
13 7 26 13 54 35 34 46 1 Milk
14 8 2 1 15 1 2 1 41 Milk and clinical
15 8 3 2 4 1 13 1 4 Milk, air, and feces
16 9 2 1 1 1 41 1 3 Milk and clinical
17 9 3 2 4 1 13 1 3 Feces and clinical
18 24 32 6 75 4 42 26 1 Milk
19 27a 35a 110 136 78 44a 17 1 Water

a New alleles.

FIG 1 Phylogenetic splits network obtained after allele profile analysis with eBURST algorithm. Clonal complexes are indicated by broken lines.

FIG 2 Neighbor-joining tree obtained from the phylogenetic analysis of the
combined nucleotide sequences of the seven housekeeping genes in represen-
tatives from each ST. Bootstrapping values are shown in branch nodes.
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15 included two isolates from milk, one from air, and one from
animal feces samples taken in different farms, ST 16 was com-
posed of two clinical and one milk isolate, and ST 17 included two
isolates from animal feces and one clinical isolate. An interesting
finding was the absence of environmental isolates from ST 14
(Table 3).

Pulsed-field gel electrophoresis. PFGE typing of 81 isolates
resulted in 57 patterns, which grouped in 24 clusters with a min-
imum cutoff value of 74.5% (Fig. 3). Identical profiles were de-
tected in isolates from milk (34 strains in pulsotypes I, IV, X, XII,
XIV, and XIX) and clinical samples (2 strains in pulsotype XVI)
and between one isolate from milk and one isolate from air (pul-
sotype VII). All of the isolates with indistinguishable PFGE pro-
files belong to the same ST. Nine clusters grouped isolates from
different origins: milk and water (I, IV, XVII, and XVIII), milk and
ovine feces (V), milk, air and ovine feces (VII), clinical samples
and ovine feces (IX), and milk and clinical samples (VI and XV).

Table 3 summarizes the features of the 81 strains investigated
in this study.

DISCUSSION

Humans have long been considered the main reservoir of EPEC
(3), but this assumption is being revised in light of the character-
istics of atypical EPEC strains, which are regularly found in ani-
mals (2, 5). The increasing isolation of atypical EPEC strains from
foods of animal origin (10, 12, 14, 21) suggests that different ani-
mal species act as reservoirs for these microorganisms and repre-
sent a source of infections for humans, as already proposed by
other authors (6, 8).

In this study, bulk tank sheep milk tested positive for 14.17% of
the samples, and atypical EPEC strains were also isolated from the
environment of the farm and from feces of the animals. A high
degree of phylogenetic heterogeneity was observed among the
strains, which form 19 sequence types and 24 pulsotypes. The
genetic diversity in atypical EPEC appears to be a common trait, as
already reported (22). In spite of the heterogeneity, comparison of
the strains isolated from milk and farm environments to isolates
obtained from human patients showed a clear relationship be-
tween milk and human isolates; thus, the main ST (ST 14) was
composed of strains of those origins. This relationship was dem-
onstrated by PFGE typing as well (clusters VI and XV) (Fig. 3).
Another interesting finding of this study is the similarities ob-
served between water and milk isolates, which grouped together in
two ST and four PFGE clusters (Fig. 3).

The results obtained in this study do not clarify the routes of
transmission of EPEC but indicate that strains that appear in milk
are similar to strains causing disease in humans. Why the milk
became contaminated remains unresolved, but similarities be-
tween milk and water isolates suggest a way of transmission
through water used in the production of milk, either for drinking
or for cleaning equipment. Robins-Browne et al. (23) showed that
atypical EPEC strains are an important cause of human gastroen-
teritis acquired through water consumption, and García-Díez et
al. (10) reported that molecular characteristics found in atypical
EPEC isolates from samples of surface water were similar to those
detected in human samples. These pieces of evidence, together
with the findings of this study, suggest a possible route of human
infection.

In conclusion, this study shows that ewes’ milk carries strains

TABLE 3 Genotypic characteristics and origin (farm registration
number and type of sample) of 81 EPEC isolates studied

Strain PFGE type ST Farm no. Type of sample

M271VO 1 4 158 Milk
M277aVO 1 4 160 Milk
M277bVO 1 4 160 Milk
M289VO 1 4 167 Milk
F15VO 1 4 187 Water
M387VO 1 4 234 Milk
C156VO 2 3 Clinical
C289VO 3 16 Clinical
M39VO 4 8 31 Milk
M77VO 4 8 87 Milk
M312VO 4 8 179 Milk
M367VO 4 8 210 Milk
M370VO 4 8 213 Milk
M434VO 4 8 275 Milk
M443VO 4 8 287 Milk
M523VO 4 8 361 Milk
F12VO 4 9 42 Water
F23VO 5 6 66 Feces
M407VO 5 15 243 Milk
F20VO 6 15 64 Air
M313VO 6 15 179 Milk
F16VO 6 15 187 Feces
M278VO 6 16 160 Milk
C294VO 6 16 Clinical
F21VO 8 17 64 Feces
F14VO 9 17 157 Feces
C322VO 9 17 Clinical
M361VO 10 14 207 Milk
M385VO 10 14 233 Milk
M337VO 11 14 189 Milk
M229VO 12 14 77 Milk
M232VO 12 14 91 Milk
M251VO 12 14 106 Milk
M124VO 12 14 223 Milk
M138VO 12 14 261 Milk
M142VO 12 14 314 Milk
M487VO 12 14 336 Milk
M176VO 12 14 375 Milk
M330VO 13 14 185 Milk
M341VO 13 14 191 Milk
M42VO 14 14 32 Milk
M51VO 14 14 58 Milk
M54VO 14 14 59 Milk
M59VO 14 14 61 Milk
M78VO 14 14 87 Milk
M242VO 14 14 98 Milk
M247VO 14 14 103 Milk
M82VO 14 14 114 Milk
M90VO 14 14 120 Milk
M92VO 14 14 125 Milk
M93VO 14 14 125 Milk
M100VO 14 14 127 Milk
M99VO 14 14 127 Milk
M105VO 14 14 145 Milk
M106VO 14 14 148 Milk
M108VO 14 14 151 Milk
M110VO 14 14 156 Milk
M111VO 14 14 157 Milk
M126VO 14 14 223 Milk
M130VO 14 14 224 Milk
M186VO 14 14 381 Milk
M187VO 14 14 382 Milk
M344VO 15 12 193 Milk
C147VO 15 14 Clinical
C171VO 16 14 Clinical
C198VO 16 14 Clinical
C212VO 16 14 Clinical
F22VO 17 11 66 Water
M448aVO 17 11 296 Milk
M532VO 17 11 388 Milk
F17VO 18 7 42 Water
M102VO 18 7 133 Milk
M508VO 19 14 354 Milk
M151VO 19 14 364 Milk
M254aVO 20 2 107 Milk
M29aVO 20 5 24 Milk
M442aVO 20 10 286 Milk
M36VO 21 18 29 Milk
M438aVO 22 13 281 Milk
F13VO 23 19 157 Water
C22VO 24 1 Clinical
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FIG 3 PFGE profiles of 81 atypical EPEC isolates obtained from ewes’ milk, farm environment, and clinical samples. The corresponding sequence types (ST) are
also listed. Main groups are marked by broken lines.
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of atypical EPEC related to those found in human samples and
suggests possible transmission routes for this emerging pathogen.
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