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Seven K88-negative porcine enteropathogenic Escherichia coli, representing
three different serogroups, caused severe diarrhea and characteristically colo-
nized the ileum, but not the jejunum, of intragastrically exposed newborn pigs.
Bacterial counts of intestinal contents and wall, fluorescence, and scanning
electron microscopy all suggested that these strains colonized the ileum by
adhesion to the villous epithelium. However, in ligated intestinal loops, these
enteropathogenic E. coli strains adhered to jejunal epithelium as well as to ileal
epithelium. Acapsular (K—) mutants, derived from one of the principal strains,
retained their colonizing and adhesive abilities, whereas K— mutants from
three other enteropathogenic E. coli strains did not. It is suggested that: (i) these
K88-negative enteropathogenic E. coli colonize the ileum by adhesion, and (ii)
the adhesion of some K88-negative strains is mediated by surface factors other

than, or in addition to, the polysaccharide K antigen.

In the pathogenesis of enterotoxic diarrheal
diseases caused by Escherichia coli, two major
independent attributes of microbial virulence
are involved. These are the abilities to produce
enterotoxin and to colonize the small intestine.
Colonization of the small intestine requires
that enteropathogenic E. coli (EEC) multiply
in this area and resist the wash-out effects of
peristaltic and villous motility. This could be
accomplished by either adhesion of the EEC to
the intestinal epithelium or, alternatively,
suppression of peristaltic and villous motility.

Correlations between the adhesive ability of
Vibrio cholerae (5), Streptococcus pyogenes (3),
Streptococcus mutans (13), E. coli (4, 16), and
Neisseria gonorrhoea (19) and their ability to
colonize the alimentary and genital mucosae
have been described. Certain nonpathogenic
bacteria of the normal flora in some parts of the
alimentary tract of chickens (6) and mice (15)
also apparently colonize by adhering to the epi-
thelium.

The plasmid-coded, pilus-like surface antigen
K88 is carried by several porcine EEC and con-
fers the ability to colonize porcine small intes-
tine by adhesion to the epithelium (1, 2, 14, 16,
17). This adhesiveness can be demonstrated
both in vitro and in vivo (8, 20). There are,
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however, several EEC strains that do not pos-
sess K88 and still they are enteropathogenic for
pigs (9, 11, 12). Such strains have been less
intensively investigated than the K88-carrying
ones, and the data that are available led to the
hypothesis that at least some of them colonize
by adhesion (2, 7), which is mediated by surface
structures other than K88. The experiments
reported here utilized several K88-negative
porcine EEC strains in tests of this hypothesis.

MATERIALS AND METHODS

Strains of E. coli. The EEC strains lacked K88
antigen (Table 1) and were isolated from naturally
occurring cases of porcine enteric colibacillosis,
whereas the non-enteropathogenic E. coli (NEEC)
strains used as negative controls were isolated from
normal piglets. From four of the EEC strains, seven
acapsular (K-), O agglutinable mutant strains were
derived (18). Test strains were inoculated in Trypti-
case soy broth (BBL) and incubated overnight at
37 C without shaking.

Intragastric inoculations. Four to six unfed, hys-
terectomy-derived, colostrum-deprived, 3- to 10-h-
old pigs from at least two different herds were used
to test each strain. The pigs were kept in individual
isolation units and weighed at the time of inocula-
tion and 16 h later. Prior to inoculation, each was
given 20 ml of normal swine serum intraperitoneally
and then inoculated intragastrically via stomach
tube with 4 x 10* to 5 x 10 bacteria in 20 ml of fresh
Trypticase soy broth. Sixteen hours postinocula-
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tion, the clinical status of the pigs was recorded.
They were then killed and necropsied. A 10-cm seg-
ment of jejunum (20 to 30 cm distal to the Ligamen-
tum Trietz) and a 10-cm segment of ileum (15 to 25
cm proximal to the ileocecal valve) were removed
from each pig. The content of each segment was
washed out with 10 ml of warm (37 C) 0.3% peptone
water introduced intraluminally via an 18-gauge
needle under pressure from a manually operated 10-
ml syringe. The peptone water was referred to as
“content,” and the washed segment was referred to
as the “wall.” The number of viable test strain E.
coli in the contents and on the wall was determined
as described earlier (2). Bacterial counts from the
content and wall were added to give the total num-
ber of viable E. coli/10-cm segment. Segments with
10® or more total test strain E. coli were defined to be
colonized. As dilutions made in counting did not
permit recovery of E. coli if there were less than 10°/
segment, those from which the test strain was not
recovered were recorded as having 10°. For morpho-
logical studies, additional segments of ileum and
jejunum were taken next to those used for bacterial
counts.

Ligated intestinal loops. Ligated intestinal loops
were prepared in hysterectomy-derived, colostrum-
deprived piglets as described elsewhere (2) and inoc-
ulated with 3 x 10® or 107 bacteria of the test strains
per loop. The pigs were killed and necropsied 3to6 h
postexposure. Each strain was tested in at least
three pigs, representing three different herds. Bac-
terial counts and morphological studies were done
as above.

Association index. The degree of association be-
tween intestinal epithelium and the test E. coli
strain was determined morphologically as described
earlier (2), with the modification that only fluores-
cence microscopy was done. Association indexes
were determined only on those segments regarded
as colonized (=10® E. coli/10-cm segment) and evalu-
ated from 1 through 5 (as low, <3; intermediate, =3
to 4; and high, >4).

Scanning electron microscopy. Samples for elec-
tron microscopy were taken from ileal segments of
one to two pigs colonized by EEC strains 431, 340, or
74-5208 and fixed in glutaraldehyde (2.5% in 0.1 M
cacodylate, pH 7.3). Samples were rinsed in four
changes of 0.04 M phosphate-buffered saline (pH
7.2), dried in increasing concentrations of acetone,
and coated with 99.9% gold. They were then exam-
ined in a Cambridge Stereoscan Mark II A scanning
electron microscope at 35° tilt with an accelerating
voltage of 20 kV.

Statistical analysis. Analyses of variance were
performed on the common logarithms of the bacte-
rial counts and on the weight losses expressed as
percentages of the initial body weights. When sig-
nificant effects were detected, linear comparisons
were made to determine the nature of the effects.

RESULTS

Intragastric inoculations. Severe diarrhea
and weight loss developed within 16 h postexpo-
sure in pigs inoculated with six of the seven
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TaBLE 1. Parental and mutant Escherichia coli
strains used

Designation
Groups 5 _ . —
P Parents & MU Serotype
tants
EEC 431 0101:K30(A):NM
125 0101:K-:NM
126 0101:K-:NM
613 0101:K30(A):NM
1351 0101:K30(A):NM
987 09:K:(A):NM
127 09:K-:NM
340° 09:K:(A):NM
130 09:K-:NM
131 09:K-:NM
74-5208° 020:K+:NM
132 020:K-:NM
133 020:K-:NM
381 020:K+:NM
NEEC 123 043:K-:H28
124 08:K50(A):H19
252 013:K-:H11

% Provided by E. M. Kohler, Ohio.
® Provided by R. P. Ellis, South Dakota.

EEC strains (Table 2). These EEC-exposed pig-
lets lost an average of 16.4% of their body
weight during the 16-h observation period and
one of them died. Strain 381 caused diarrhea
less frequently and less severe weight loss than
the other EEC, although it had comparable
cultural and serotypic characteristics to the
more virulent EEC strain 74-5208. None of the
NEEC strains caused diarrhea, and the weight
loss of piglets inoculated with these strains was
an average of 5.2% of their initial body weight,
significantly (P > 0.05) less than that of EEC-
inoculated pigs.

Ileal segments were colonized in 35 of 38
EEC-exposed pigs but only in three of 18
NEEC-exposed pigs. The three noncolonized
segments of the EEC-exposed group were from
pigs exposed to strain 381. There were 10° to
10" EEC/jejunal segment and 107 to 10'"* EEC/
ileal segment from EEC-exposed pigs, and there
were 10° to 10 NEEC/jejunal segment and 10°
to 10" NEEC/ileal segment from the NEEC-
exposed pigs. The difference between EEC and
NEEC was significant in both jejunal (P >
0.05) and ileal (P > 0.01) counts. The numbers
of ileal EEC were significantly (P > 0.05)
greater than jejunal EEC. However, the differ-
ences in the numbers of NEEC between ileum
and jejunum were not significant (P = 0.18).

The distribution of the test strains between
the washed intestinal wall and the content is
shown in Table 2 (Fig. 1). The mean percentage
of all EEC remaining with the ileal wall after
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TaBLE 2. Incidence of diarrhea, weight loss, percentage of the test E. coli strains remaining with the
intestinal wall after washing, and association indexes of ileal segments of hysterectomy-derived, colostrum-
deprived piglets 16 h post-intragastric exposure to E. coli

% of total viable E. coli remaining with the wall

. No. of pigs . - Association indexes
i;.:;;f’s diarrhe:l/%n- we loﬁ;&? ::t;)l itial after washing of colonized® ileal
oculated Jejunum Teum segments
1351 6/6 22.28 + 4.23 63.16 + 36.09 80.53 = 8.73° 4.47 = 0.76°
613 6/6 21.73 = 2.63 57.41 = 30.68 57.97 = 27.84 4.70 = 0.27
431 4/4 19.80 + 4.89 72.32 = 20.58 69.96 = 36.21 4.42 = 0.65
987 4/4 14.57 = 0.09 48.55 + 25.55 93.28 + 4.21 3.92 + 0.38
340 6/6 18.13 = 4.31 72.13 = 26.84 89.54 + 11.53 4.78 = 0.29
74-5208 6/6 14.34 = 5.40 49.15 = 31.82 85.29 + 6.53 4.84 + 0.23
381 4/6 3.72 = 1.34 72.63 + 17.54 53.02 = 21.29 2.70 = 1.01
123 0/6 3.54 = 1.63 64.18 + 22.07 50.35 = 29.76 1.71 = ND
124 0/6 2.99 66.63 = 26.12 49.68 = 27.44 ND
252 0/6 8.99 + 7.86 59.11 + 14.51 39.65 = 32.94 ND

@ Segments containing Z10* test strain E. coli were recorded as colonized.

% Means and standard deviations.
“ ND, Not determined.
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Fic. 1. Average number of viable E. coli remain-
ing on wall of washed ileal segments (W) and in the
content (C) from pigs exposed to EEC strains belong-
ing to serogroups 020:K+, 0101:K30(A), and
09:K(A), compared with those from NEEC-ex-
posed pigs.

NEEC

washing (75.6%) exceeded that for the NEEC
(46.6%). This difference between wall and con-
tent was significant (P = 0.02) in the ileum but
not in the jejunum of EEC-inoculated pigs, and
there was no significant difference (P = 0.30)
between wall and content in the jejunum or
ileum of the pigs inoculated with NEEC.

The association indexes were in general
agreement with the viable E. coli counts, in
that the intestinal segments colonized by EEC
had high (or occasionally intermediate) associa-
tion indexes (Table 2). Most cells of the test
EEC strains were found closely associated to
the epithelial cells, penetrating deeply into the

intervillous spaces and covering the villous sur-
faces from tips to bases. None of the EEC
strains were found characteristically in the
crypts of Lieberkithn. The washed segments
had less E. coli in the lumen, but other than
that they looked essentially the same as the
unwashed ones. The EEC strains in ileal seg-
ments were distributed like the K88-possessing
EEC previously described (1, 2, 8) (Fig. 2). The
NEEC could only be evaluated morphologically
when they colonized the ileum. In those three
segments they were found mainly in the lumen
and occasionally in contact with the epithelial
cells, resulting in low association indexes (Ta-
ble 2).

In most segments examined via scanning
electron microscopy, there were microcolonies
of 10 to 50 bacterial cells scattered over the
villous epithelium. Sometimes most of the vil-
lous surface was covered with the EEC (Fig. 3).
The bacteria were in close proximity and appar-
ently adhering side-on to the microvilli in most
cases. Strains 431, 340, and 74-5208 were all
distributed similarly.

The surfaces of the bacteria were granular
and rough, particularly those of strain 340. Be-
sides the granular surface, strain 431 also
showed mucus-like strands connecting the bac-
teria with each other and occasionally with
microvilli (Fig. 4). We were not able to visual-
ize these strands on the other strains.

Ligated intestinal loop experiments. There
were no consistent differences in association
indexes of jejunal and ileal loops inoculated
with EEC. Strains of the serogroup
0101:K30(A) had generally high indexes,
whereas the other EEC had intermediate in-
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Fic. 2. E. coli 987 adhering to the epithelium along the entire length of villi (association index, 5.0).
Fluorescent antibody-stained, frozen section of ileum of newborn pig 16 h postexposure.

dexes in both jejunum and ileum. One of the
NEEC strains (E. coli 124) had intermediate
indexes; the other (E. coli 252) had low associa-
tion indexes in both locations.

Intragastric exposure to K— mutants. The
colonizing abilities of acapsular (K—) mutants
derived from EEC strains 431, 987, 340, and 74-
5208 were determined (Table 3). Two groups of
K- mutants can be distinguished on the basis
of their ability to cause weight loss and coloni-
zation. One of them is composed of K— mu-
tants of strain 431, and the other is exposed by
those of 987, 340, and 74-5208.

The numbers of E. coli per ileal segment and
the weight loss in pigs exposed to the two mu-
tants from strain 431 were not significantly
different from those of pigs exposed to the par-
ent. Ten of 12 pigs exposed to these two mu-
tants were colonized and had intermediate to
high association indexes in ileum (Fig. 5).
Whereas all six pigs exposed to the parent

strain developed diarrhea, only 10 of 12 pigs
exposed to mutants of strain 431 did so.

In contrast to those from strain 431, mutants
from the other three strains all caused signifi-
cantly (P > 0.01) less weight loss and attained
significantly (P > 0.01) lower numbers per ileal
segment than did their parent strains. Four of
the five mutants from these three strains
caused diarrhea less frequently than the parent
strains. Mutants 127 and I33 had the greatest
decrease in colonizing abilities in'comparison
with their parents and represented a sharp con-
trast to the mutants of strain 431.

Distribution of the test strains between
washed intestinal wall and content was tested
in pigs inoculated with the K— mutants of
strains 431 and 987. Washed segments colo-
nized by mutants of strain 431 had about 1-log-
higher counts of the test strain remaining with
the intestinal wall than in the content, whereas
there was no major difference between wall and
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Fi1c. 3. Strain 431 EEC adhering to the surface of ileal epithelium at the tip of a villous showing mainly
side-on adhesion. Scanning electron micrograph. Bar equals 10 um.

Fi1c. 4. Strain 431 EEC cells have granular, rough surfaces and strands extending between some bacteria
and towards the microvilli. Scanning electron micrograph. Bar equals 1 um.
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TABLE 3. Results of intragastric inoculation of newborn pigs with parental EEC and their K — mutants®

E. coli strains® No. of pigs diar- Wt loss (% of initial body  Log,, of total viable E. coli

Parents Mutants rheal/inoculated wt) of 10-cm ileal segments
431 6/6 16.40 + 2.23¢ 9.29 + 0.34¢
125 6/6 13.46 = 5.68 9.01 = 0.94
126 4/6 15.40 + 6.20 8.19 = 2.00
987 6/6 14.40 + 3.21 9.45 + 0.23
127 3/6 9.26 = 3.14 6.50 = 0.75
340 6/6 17.95 = 3.18 9.76 = 0.60
130 6/6 9.71 = 2.17 7.85 = 0.91
131 4/6 10.15 = 2.98 7.65 = 0.81
74-5208 6/6 17.31 = 4.03 9.65 = 0.29
132 4/6 10.91 = 3.29 7.87 + 1.52
133 2/6 8.35 = 3.72 6.97 = 1.24

@ Clinical observations and total viable counts of the test E. coli strains in the ileum of hysterectomy-

derived, colustrum-deprived piglets 16 h postexposure.

® Parent and mutant strains were tested in littermate pigs.

¢ Means and standard deviations.

FiG. 5. E. coli I25, the K — mutant of EEC 431, adhering to the ileal villous epithelium of an intragastrically
exposed pig, showing high association index 16 h postexposure. Fluorescent antibody-stained, frozen section.

content in pigs inoculated with 127, indicating
that this mutant had lost its adhesive as well as
colonizing abilities.

The K— mutants 125, 126, and 127 were tested
in ligated intestinal loops of pigs along with
their K+ parents and all were found to be
enterotoxigenic.

DISCUSSION

Based on the results of the differential bacte-
rial counts of washed segments and their con-
tent, as well as immunofluorescence and scan-

ning electron microscopy, we conclude that
these EEC strains, which do not possess the
K88 antigen, do colonize the ileum and adhere
to ileal epithelium of the newborn pigs. This
adhesion is microscopically indistinguishable
from that described for K88-containing EEC
but differs in its preference for ileum in that
K88-possessing EEC colonize both jejunum and
ileum (1, 8). )

One might conclude that the jejunal epithe-
lium is resistant to adhesion by K88-negative
EEC. The results of the ligated loop experi-
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ments indicated, however, that this was not the
case. In the presence of the same number of
bacteria, there were high association indexes in
both jejunum and ileum. These observations
could be explained if the adhesive forces of K88-
carrying strains are stronger than those of K88-
negative EEC and if one assumes that peristal-
tic and villous motilities of jejunum are more
vigorous than those of ileum but effectively
abolished by creating ligated intestinal loops.

Adhesion by K88-negative strains also differs
from that by K88-positive strains in that the
latter could be reproduced in vitro, whereas the
former could not (8, 20).

Our results confirm and extend those of oth-
ers (2, 7, 9) in providing evidence for in vivo
adhesive characteristics of several serologically
distinct K88-negative EEC.

There is evidence that capsular material is
important for the survival and reproduction of
E. coli in the urinary tract (10). Some K-
mutants from EEC strains retained their ileal
colonizing and adhesive characteristics; others
did not (Table 3). As the K— mutants retained
their enterotoxigenicity, the decreased coloniz-
ing abilities of K— mutants as opposed to par-
ent strains could be interpreted to indicate that
the polysaccharide antigen of such strains con-
fers colonizing ability. However, retention of
colonizing and adhesive abilities by the mu-
tants from strain 431 demonstrated that poly-
saccharide K antigen is not an absolute re-
quirement for these attributes. Furthermore,
the K88-negative EEC studied here were pi-
liated, and there is evidence that pili contrib-
uted to the colonizing abilities of some of these
strains (Isaacson et al., submitted for publica-
tion). It may be that both polysaccharide K
antigens and pili contribute to the adhesive and
colonizing abilities of EEC.
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