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BACTERIAL PATHOGENICITY
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Four 6-day-old conventionally reared lambs were inoculated orally with a total of 10° cfu
comprising equal numbers of four enterohaemorrhagic Escherichia coli (EHEC)
0O157:H7 strains. All animals remained clinically normal. Tissues were sampled under
terminal anaesthesia at 12, 36, 60 and 84 h post inoculation (hpi). EHEC O157:H7 was
cultured from most gastrointestinal tract sites. Small, sparse attaching and effacing (AE)
lesions were found in the caecum at 12 and 36 hpi and in the terminal colon and rectum
at 84 hpi. Organisms in the lesions were labelled specifically by an O157 antiserum. The
results indicate that the well-characterised mechanisms for intimate attachment encoded
by the locus for enterocyte effacement (LEE) of EHEC O157:H7 may contribute to the
initial events, at least, of colonisation of sheep.

Introduction

Enterohaemorrhagic Escherichia coli (EHEC) serotype
O157:H7 infection of man is potentially fatal in the
very young and the elderly and major incidents world-
wide, including the UK, have been well documented
[1-3]. Diarrhoeal discase may be complicated by the
haemolytic-uraemic syndrome, which is thought to be
caused by the verotoxins (VT) produced by this path-
ogen [2].

Cattle are considered to be the primary reservoir for
EHEC O157:H7 [4], but recent reports also point to
sheep as a significant source [5—8]. The mechanism by
which E. coli O157:H7 colonises cattle and sheep
remains to be fully elucidated, but it may involve
formation of attaching and effacing (AE) lesions. These
lesions form in vitro on HEp-2 and Hela cells,
mediated by secreted and surface arrayed bacterial
proteins that are chromosomally encoded within the
locus for enterocyte effacement (LEE) pathogenicity
island [9]. In vivo, AE lesions form in the ileum and
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large intestine of gnotobiotic piglets and the intimin
surface arrayed protein of E. coli O157:H7 encoded by
the eaed gene of the LEE is essential for this process
[10, 11].

In colostrum-deprived (CD) and colostrum-fed (CF)
neonatal calves inoculated with 10!° cfu of either of
two EHEC O157:H7 strains at 12-36 h of age, AE
lesions developed in the ileum and large intestines [12].
Dean-Nystrom et al. [13] showed that the intimin
encoded by the eaed gene in several different EHEC
O157:H7 strains was necessary for the formation of AE
lesions in CD neonatal calves. In contrast, 5-day-old
CD gnotobiotic calves inoculated orally with 10° cfu of
a single EHEC O157:H7 strain remained clinically
normal with no evidence of AE lesions [14]. Multifocal
AE lesions were observed in the caecum and rectum in
three of nine 4-month-old weaned calves inoculated
with 10! cfu of an EHEC O157:H7 strain after a
period of fasting [15]. Other reports suggest that ex-
perimental inoculation of weaned calves with EHEC
O157:H7 produces transient mild diarrhoea or exces-
sively mucoid faeces in a proportion of animals, with
no histological or immunohistochemical evidence for
mucosal adherence or pathological changes [16—18]. A
transient, asymptomatic carrier status has been induced
experimentally and observed naturally in older animals
[16, 18, 19].



Little is known of the mechanisms by which EHEC
O157:H7 colonises and persists in sheep, but carriage
may be observed for up to 2 months [20], possibly
influenced by diet [21]. The 6-month-old sheep inoc-
ulated with 10° cfu of the four-strain mixture of EHEC
O157:H7 used in this study remained clinically normal
without diarrhoea or evidence of AE lesions when
examined over 2 weeks (22). The purpose of this study
was to investigate whether E. coli O157:H7 forms AE
lesions in conventionally reared neonatal sheep.

Materials and methods
Animals and experimental procedures

Four Merino-cross lambs were allowed to suckle im-
mediately after parturition and received milk replacer
by bottle over the ensuing 5 days. Each animal was
inoculated orally with a four-strain mixture of E. coli
O157:H7 administered by syringe at 6 days of age.
Animals were observed at 4-h intervals. Rectal tem-
peratures were determined at the time of inoculation,
15-h post-inoculation (hpi) and at 24-h intervals
thereafter.

Tissues were sampled under terminal anaesthesia from
the lambs (designated A, B, C and D) at 12, 36, 60 and
84 hpi, respectively. On each occasion, the lamb was
placed in left lateral recumbency and the right flank
and inguinal area were soaked with a chlorhexidine-
based surgical scrub. A U-shaped incision in the ex-
posed flank, plus dissection of the pelvic cavity and
submandibular tissues, permitted aseptic collection of
samples from the rumen, duodenum, jejunum, ileum,
caecum, ascending colon (two sites), terminal colon,
rectum, mesenteric lymph nodes, liver, spleen and
kidney, for histological and bacteriological examina-
tion. Clips and latex gloves were used to enclose the
cut ends of the intestinal tract, to minimise cross-
contamination of samples.

All procedures were performed under Home Office
(UK) and local ethical review committee approval and
complied with the Animals (Scientific Procedures) Act
1986.

Bacteriological studies

Bacterial strains and inocula. Two human (EC157
and 140065) and two bovine (218 and 222) EHEC
O157:H7 strains were confirmed by PCR to possess
the LEE genes eaeA and espA, plus the pOI157
virulence plasmid genes hlyA, espP, katP and etpD.
Strains EC157 and 218 possessed both verotoxin 1
(stx1) and verotoxin 2 (stx2) genes, whereas strains
140065 and 222 possessed stx2 only. Strains were
differentially marked by plating on Luria Bertani (LB)
agar plates containing either nalidixic acid (15 mg/L),
rifampicin (150 g/L) or streptomycin (25 g/L) alone,
or both nalidixic acid (15g/L) and rifampicin
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(150 g/L), to select for spontaneous antibiotic-resis-
tant mutants. Resistant colonies (EC157 str”, 140065
nal”, 218 rif™ and 222 nal’/rif”) were subcultured
three further times on the same medium then
maintained on Dorset egg medium at room tempera-
ture. Marked strains showed the same phenotype as
their progenitor wild-type strains with regard to
production of localised adherence on HEp-2 tissue-
culture cells, generation of actin re-arrangements as
demonstrated by fluorescent actin staining under
adherent cells [23], and rate of growth under
laboratory conditions.

For the four-strain mixed inoculum, 2.5-ml volumes
from overnight LB broth cultures of each of the four
antibiotic-resistant strains were mixed together and
made up to 100 ml with phosphate-buffered saline
(PBS, pH 7.4). This bacterial suspension contained
approximately equal numbers of the four strains,
totalling 10% cfu/ml; 10 ml of this suspension was
used as the oral inoculum.

Bacteriological examination. Before inoculation, rec-
tal swabs were taken from all lambs at 4 days of age.
They were also taken at 6 hpi and 12 hpi. Thereafter, c.
1 g of faecces was obtained from lambs B, C and D at
36 hpi, lambs C and D at 60 hpi, and lamb D at 84 hpi.
The faeces samples were either freshly voided or taken
directly from the rectum. Rectal swabs were vortex
mixed in 10 ml of buffered peptone water (BPW) and
faeces samples were vortex mixed in 9 ml of BPW.
Tissue samples (2.5 g) were homogenised in 22.5 ml of
BPW. Tissue samples were collected from the terminal
colon and rectum, from which c. 1 g of luminal con-
tents was removed and vortex mixed with 9 ml of
BPW.

To determine a semi-quantitative bacterial count from
each sample, serial dilutions were made in BPW from
each primary sample. Each dilution was incubated for
6 h at 37°C, then 1 ml was processed by immunomag-
netic separation (IMS) [5]. IMS beads from each
sample were plated on four separate Chromagar plates,
each supplemented with the appropriate antibiotic(s)
for strain differentiation. The serogroup of the bacteria
recovered from these experiments was confirmed by
O157-specific latex agglutination (Oxoid).

Pathological studies

Light microscopy. Tissues were placed, within 1 min
of removal, in buffered formalin 10% and buffered
glutaraldehyde 2.5% at room temperature and fixed for
at least 24 h. Trimmed tissues were processed routinely
to paraffin wax, and 4-um sections were stained with
haematoxylin and eosin (H&E). Sections of large in-
testine (7—11 from each sampling site), ileum (5),
jejunum (2), duodenum (2) and a single section of
other tissues were examined.
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Electron microscopy. After examination of tissues by
light microscopy, small pieces of the caecum of the
lamb sampled at 36 hpi (B) and the rectum of the lamb
sampled at 84 hpi (D) were cut out of the paraffin wax
blocks. The excised tissue was dewaxed, rehydrated,
post-fixed in osmium tetroxide and embedded in epoxy
resin. Thin sections were examined with a Philips 201
transmission electron microscope.

Immunohistochemistry. Briefly, sections were labelled
with a primary polyclonal O157 ‘O’ antiserum raised
in a rabbit. A goat anti-rabbit bridge antibody, rabbit
peroxidase—antiperoxidase complex and diaminobenzi-
dine (DAB) were sequentially applied. The sections
were counterstained with Mayer’s haematoxylin.

Thin sections were prepared from the resin-embedded
rectal tissue from lamb D for immunogold labelling.
The sections were mounted on gold grids and incubated
sequentially in normal goat serum 5%, polyclonal
rabbit O157 ‘O’ antiserum diluted 1 in 5 in TBS, and
10-nm gold-conjugated goat anti-rabbit IgG (British
Biocell International, Cardiff) diluted 1 in 50 in TBS.
Bovine serum albumin was included in the antiserum
diluents to reduce non-specific binding. The immuno-

labelled sections were post-fixed in buffered glutar-
aldehyde 2.5% and counterstained with lead citrate and
uranyl acetate.

Results
Clinical findings

The lambs remained normal throughout the experiment,
with no evidence of pyrexia or diarrhoea.

Bacteriological findings

The lambs were confirmed to be free of E. coli 0157
before inoculation, and the results following inocula-
tion are shown in Tables 1 and 2.

E. coli O157 was isolated from all cultured samples of
the gastrointestinal tract, with the exception of the
rectum of lamb B. In all cases the highest numbers
were recovered from the caecum and spiral colon. In
lamb B, no E. coli O157 were recovered from samples
taken from the rectum, whereas high numbers of all
four differentially marked E. coli O157 strains were
recovered from terminal colon tissue and contents.

Table 1. Viable counts of E. coli O157:H7 recovered from rectal swabs and faeces of neonatal lambs inoculated orally

at 6 days of age with a four-strain mixture of organisms

Logyo cfuf recovered from lambs

A B C D
Sample time* N R S NR N R S NR N R S NR N R S NR
6 hpi - - - - 1 1 - 1 1 1 - 1 4 4 1 4
12 hpi - - - - - - - - 1 1 - - =6 =6 4 =6
36 hpi =6 =6 =6 =6 =6 =6 =6 =6 =6 =6 =6 =6
60 hpi =6 =6 2 4 =6 =6 4 =6
84 hpi =7 =7 =7 -

E. coli O157:H7 strains140065 nal" (N), 218 rif" (R), EC157 str' (S) and 222 nal" rif" (NR) were recovered on selective media (see Materials
and methods). *Samples at 6 and 12 hours postinoculation (hpi) were rectal swabs, later samples comprised 1 g of faeces. 'Limit of detection

on faeces samples was 10 cfu/g; —, organisms not detected.

Table 2. Viable counts of E. coli O157:H7 recovered from tissues of neonatal lambs inoculated orally at 6 days of age

with a four-strain mixture of organisms

Logyo cful recovered from lambs

A (12 hpi) B (36 hpi) C (60 hpi) D (84 hpi)
Sample N R S NR N R S NR N R S NR N R S NR
Mesenteric lymph nodes - - - - - - - - 1f 1f 1f 1f - - - -
Tonsil 2 2 - - 2 2 2 2 2 2 2 - - - - -
Rumen 2 4 2 2 2 2 2 2 2 2 2 2 4 1 - -
Tleum 4 4 2 4 4 4 2 2 =6 4 4 1 =6 =6 =6 4
Caecum =6* =6* =6* =6* =6* =6* 4* =6 =6 =6 =6 4 =6 4 4 2
Spiral colon =6 =6 =6 =6 =6 =6 1 =6 =6 =6 =6 4 =6 =6 4 -
Terminal colon tissue 4 4 2 4 =6 =6 - =6 =6 2 — 2 =6* =6* 4% o
Terminal colon content - 2 - - =6 =6 - =6 =6 =6 - 4 =6 =6 =6 4
Rectum tissue 4 4 4 - - - - =6 2 — 2 =6* 4* 2k
Rectum content 2 2 — 2 - - - - =6 =6 - =6 =6 =6 =6 2

See footnote to Table 1.

*Sites where attaching-effacing lesions were detected histologically. TIn the absence of histological changes, the low numbers of E. coli 0157

may represent contamination rather than invasion.



Both terminal colon and rectum were well colonised by
E. coli O157 in lambs C and D, at 60 and 84 hpi,
respectively. The ileum of all animals yielded modest
numbers of E. coli O157, and low numbers were
recovered from the rumen. Low numbers of organisms
were recovered from the mesenteric lymph nodes of
one animal and the tonsils of three.

Pathological findings

Light microscopy. In the small intestine, mild to
focally moderate infiltration of the lamina propria by
eosinophils or neutrophils, or both, was present in the
ileum of lamb C, the jejunum and ileum of lambs B
and D, and the duodenum and ileum of lamb A.
Neutrophils were transmigrating across the mucosal
epithelium in some sections.

In the large intestine, sections of bowel wall were taken
from tissue samples measuring 75—-200 mm in length
from each sampling site. A total of 197 large intestine
H&E sections were studied in detail and only seven
AE-type lesions were seen. AE lesions were seen at the
mucosal surface in the caecum of lamb A sampled at
12 hpi, the caecum of lamb B sampled at 36 hpi and in
the terminal colon and rectum of lamb D, sampled at
84 hpi. No lesions were seen in the tissues of lamb C.
Each lesion extended over 3—15 adjacent enterocytes
which usually protruded slightly, either singly or as a
group, above the surrounding mucosal surface (Fig. 1).
Affected enterocytes often appeared to have rounded
up, and some showed condensation of nuclear material.
One caecal lesion was accompanied by an overlying
clump of neutrophils, some of which appeared to con-
tain bacteria. Detachment of a colonised enterocyte
from the mucosa was also observed.

Mild to focally moderate infiltration of the lamina
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propria by eosinophils and neutrophils was present
throughout the large intestine in all animals. There was
no evident association between infiltration and the
presence of visible AE lesions. Occasionally, transmi-
gration of neutrophils across the intestinal epithelium
was seen. Pathological changes were not seen in sec-
tions of rumen, liver, kidney, tonsil, mesenteric lymph
node and spleen from any animal.

For immunohistochemistry, three pieces of embedded
tissue comprising caecum from lamb A (12 hpi), and
terminal colon and rectum from lamb D (84 hpi), were
selected based upon the identification of five AE
lesions in H&E sections prepared from these tissues.
Another two pieces of terminal colon and one piece of
rectum from lamb D were also selected. Sections cut
from embedded tissue adjacent to those used for H&E
examination were immunostained, but none of the five
lesions that had previously been identified was
detected. However, one further lesion was found in
an immunostained section of rectum from lamb D. The
adherent bacteria were positively and specifically
labelled by the O157 antiserum (Fig. 2). In a section
of caecum from lamb A, intestinal contents were seen
to contain a large number of specifically labelled O157
organisms.

Electron microscopy. Of the two focal lesions
processed for electron microscopy, only the lesion in
the rectum of lamb D (84 hpi) was seen in thin
sections. Typical AE lesions, with intimate attachment
to the enterocyte plasma membrane, formation of
pedestals and effacement of the host cell microvilli
were observed (Fig. 3). A few bacteria which were
dividing whilst attached to the mucosal surface were
evident. The immunogold technique with the O157
antiserum specifically labelled the cell wall of adherent
bacteria in the lesion (Fig. 4).

Fig. 1. Rectum, 84 hpi. Attaching-effacing lesion (arrow). Affected enterocytes protrude from the mucosal surface.
Closely adherent bacteria are evident at higher magnification (inset). Haematoxylin and eosin, bar =30 um.
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Fig. 2. Rectum, 84 hpi. Attaching-effacing lesion (arrow) protrudes from the mucosal surface. Specifically labelled E.
coli are evident at higher magnification (inset). Anti-O157 immunoperoxidase, bar = 60 um.

Fig. 3. Rectum, 84 hpi (same lesion as Fig. 1). Bacteria adhere intimately to the enterocyte (E) surface. Microvilli are
effaced and some bacteria are on pedestals (P). A normal microvillous border (M) is present on uncolonised adjacent

enterocytes. Bar =1 um.

Discussion

This is the first report that has clearly demonstrated
that E. coli O157:H7 induced AE intestinal lesions in
colonised sheep. The lesions in these lambs were not
associated with clinical disease. Detailed histological
examination revealed small, sparse AE lesions in the
large intestine in animals necropsied at 12, 36 and
84 hpi. The restriction of lesions to the large intestine
is consistent with the vy-intimin subtype of EHEC
O157:H7 [9]. Despite the evidence of high numbers of
E. coli O157:H7 in the intestinal lumen, very few AE
lesions were observed. Routine immunostaining failed
to demonstrate those AE lesions that had been seen in
the H&E sections, most probably because they spanned
relatively few sequential 4-um paraffin wax sections. In

this situation, use of both light and electron micro-
scopic immunological techniques optimised the chance
of successful antigen detection.

The prevalence of E. coli O157:H7 in sheep is lower
than in cattle [5, 6] and a reduced capacity to colonise
may contribute to this. Whilst the observed frequency
and size of AE lesions in this study is, of necessity,
based upon examination of a small proportion of the
mucosal surface, it is possible that intimate association
between O157:H7 organisms and the ovine intestinal
mucosa is in some way less effective than in cattle. In
neonatal CD calves inoculated with a single strain of
EHEC O157:H7 at <12 h of age, extensive AE lesions
were observed, and fewer lesions were reported from
similarly inoculated CF calves [12]. Therefore, the
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Fig. 4. Rectum, 84 hpi (same lesion as Fig. 1). Bacterium intimately attached to a pedestal (P). Gold particles are
localised to the bacterial cell membrane. Anti-O157 immunogold label, bar = 100 nm.

relative paucity of lesions detected in the present study
may partly reflect the protective effect of colostrum.
However, even in the CF neonatal calves AE lesions
covering between 10% and 50% of the caecal mucosal
surface were reported [12], which is considerably more
extensive than in the present study. This difference
between the calf and lamb studies may be due to
differences between any or all of several factors — host
species, host age, dose sizes and inoculum strains.
Whether inoculation of younger lambs or more pro-
longed exposure would lead to establishment of more
or larger lesions, or both, is unknown. The lesions
reported in neonatal calves followed an inoculum of
10! EHEC O157:H7 organisms, in contrast to the
10%organisms used in the present study. A correlation
between the concentration of organisms in the tissue
and the detection of AE lesions in weaned calves
inoculated with a single strain has been reported [15].
The abilities of the non-ovine-derived EHEC O157:H7
strains used in this work to colonise the ovine mucosa,
when compared with other experimental strains and
ovine field strains, are unknown. Finally, a possible
effect of inter-strain competition on the formation of
AE lesions in the present study cannot be discounted.

The recovery of the four strains from faeces and tissues
was not uniform. The s##" and the nal"/rif” strains were
recovered in lower numbers than either the nal” or the
rif” strains. Strain differences related to colonisation of
the ovine host, or attenuation due to the antibiotic
resistance marking may have contributed to the dif-
ferences in recovery of bacteria.

It is established that sheep are reservoirs for E. coli
O157:H7 [5-8], but this is the first report that has
demonstrated AE lesions in colonised sheep. There is
some evidence to suggest that sheep may become

persistently colonised [20,21]. The findings in this
study indicate that the well-characterised mechanisms
for intimate attachment encoded by the LEE of EHEC
O157:H7 may contribute to the initial events, at least,
of colonisation. Whether these initial events are
significant in persistent colonisation remains to be
determined.
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